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AIKTRACT 

This  report  consists  of  a  technical  summary  of  the  research  and 
developaent  program  sponsored  under  ARPA  Order  8-58  which  led  to  the 
proposal  of  a  system  for  detecting  and  tracking  non- radiating  orbiting 
satellites.  An  interim  research  facility  consisting  of  an  iHiumlna- 
ting  transmitter  and  two  receiving  stations  with  fixed  antenna  arrays 
was  first  established  to  determine  the  feasibility  of  using  the  Doppler 
principle  coupled  with  extremely  narrow  bandwidth  phase-locked  tracking 
filters  as  a  sensor  system.  The  interim  system  established  the  feasi¬ 
bility  of  using  the  Doppler  method  and  resulted  in  recil  data  for  which 
computational  methods  were  developed  which  produced  orbital  parameters 
from  single  pass  data  over  a  single  station.  To  meet  the  expected 
space  population  problem  of  detection  and  identification  and  to  obtain 
a  range  with  practical  emitted  power,  a  sceuined  fan  beam 

system  was  proposed  In  which  a  transmitter  and  a  receiver  antenna 
separated  by  about  1,000  miles  would  be  synchronously  scanned  about 
the  earth  chord  Joining  the  two  stations  to  sweep  a  half  cylinder  of 
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space  yolvioe  1,000  miles  long  «md  laavlng  a  radius  of  3tP00  miles.  An  early 
order  stopping  further  developstent  work  on  the  project  prevented  field 
testing  of  proposed  scanning  system  In  a  scale  model.  The  engineering 
study  Indicates  that  the  proposed  DOH/X!  system  or  slight  modifications 
thereof  may  offer  some  unique  advantages  over  other  systems  for  surveil* 
lance  type  of  detection,  tracking,  Identification  and  cataloging  of  both 
active  and  non- radiating  satellites . 
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I.  IHTRaDOCTIOB 

Early  In  1958  tha  Adyanced  Research  Projects  Agency  (ARPA)  toe*  over 
the  responalhlllty  for  and  direction  of  a  committee  estahlished  by  the 
Director  of  Guided  Missiles  for  the  purpose  of  Investigating  the  technical 
prflblems  involved  in  a  national  satellite  tracking  network.  The  canmlttee, 
chaired  by  Captain  K.  M.  Gentry,  IBN,  established  working  groups  in  the 
areas  of  detection  and  tracking,  communications,  data  processing,  United 
States  programs  and  foreign  programs.  Ah  ad  hoc  committee,  comprised  of 
the  chairmen  of  the  five  working  groups,  was  formed  when  ARPA  requested 
that  immediate  attention  and  emphasis  be  directed  toward  solution  of  the 
problem  of  detecting  non-radiating  or  "dark"  satellites. 

Following  a  nunber  of  meetings  of  the  working  groups,  the  ad  hoc 
ccmonlttee,  and  the  Gcmtry  committee,  a  proposal  for  an  interim  solution  to 
the  dark  satellite  problem  was  prepared  and  presented  to  ARPA  In  a  briefing 
by  'Ute  Gentry  committee.  The  committee  proposed  the  use  of  satellite 
tracking  techniques  developed  by  the  Naval  Research  Laboratory  (Mlnltrack) 
and  the  Army  Ordnance  Ballistic  Research  Laboratories  (DOPLOC),  each 
modified  to  permit  operation  In  the  passive  (non- radiating  satellite) 
mode. 

It  was  tentatively  established  that  a  national  passive  detection 
network  should  be  able  to  detect  objects  having  effective  radar  reflection 
cross  sections  of  0.1  square  meter  or  greater  at  altitudes  betwee  100 
and  2,000  miles.  It  was  further  deemed  desirable  to  be  able  to  determine 
the  orbit  parameters,  in  a  relatively  short  time  and  preferably  within 
one  orbit  period,  and  to  establish  Immediately  that  the  object  detected 
was  in  fact  a  new  object  or  to  identify  it  as  a  previously  detected  and 
known  satellite. 

The  briefing  to  ARPA  Indicated  that  the  state-of-the-art  in  the 
tracking  field  would  not  resijilt  in  a  system  capable  of  fully  meeting  the 
desired  characteristics.  Specifically,  It  was  pointed  out  that  the  tech¬ 
nical  limitations  would  reduce  system  capability  to  tracking  a  one  square 
meter  target  to  1,000  miles  altitude  or  less.  ^  effects  of  meteors, 
aircraft,  etc.,  on  the  tracking  systems  could  not  be  completely  predicted. 
Computational  programs  for  orbit  determination  had  not  been  developed.  It 

was  estimated  that  a  fence  spanning  the  United  States  in  East- We at 
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direction  at  ^out  latitude  32^  and  conposed  oC  two  Mini  trade  and  one 
DOFLOC  could  be  installed  and  picked  In  Initial  operation  within 

six  vonths. 

On  20 '.June  1956  the  AEPA  Issued  Order  8-58  to  the  Ballistic  Research 
Laboratories.  Ihe  order,  stated  In  part: 

"Pursuant  to  the  provisions  of  DOD  Directive  dated 
7  J’ebruary  195®/  the  Secretary  of  Defense  has  approved  and 
you  are  requested  to  proceed  at  once  on  behalf  of  ARPA  to 
establish  a  Doppler  system  complex.  This  system  is  to  be 
In  accordance  with  ERL  letter  to  ARPA  of  6  }feiy  193® « 
will/  In  cooperation  with  the  Mini track  satellite  tracking 
system  produce  the  capability  of  detecting,  identifying, 
and  orbit  predicting  of  non- radiating  objects  in  space." 

Using  state-of-the-art  techniques  and  essentially  available  equipment 
BRL,  with  some  help  from  the  Signal  Corps,  USASEA,  proceeded  with  a  crash 
program  and  within  six  months,  by  20  December  195®  had  Installed  a  three- 
station  complex  consisting  of  a  50-KW  illuminator  radio  transmitter  at 
Fort  Sill,  Okleihcmia,  and  receiving  stations  at  Forrest  City,  Arkansas 
and  White  Sands  Missile  Range,  New  Mexico.  Three  Mini track  type  antennas 
were  used  at  each  station.  Detection  was  by  reflected  signal  from  the 
transmitter  via  the  satellite.  The  axes  of  the  beams  of  the  receiving 
and  transmitting  antexmas  were  oriented  to  Intersect  In  space  at  a  dis¬ 
tance  of  900  miles  from  the  stations.  Of  the  three  antexmas  at  each 
station,  one  was  directed  vertically  above  the  great  circle  Joining  the 
stations,  one  was  directed  20  degrees  above  the  horizon  to  the  north  and 
the  other  20  degrees  above  the  horizon  to  the  south.  In  this  manner  'Uxe 
76  X  8  degree  fan-shaped  beams  were  designed  to  detect  the  approach  of  a 
satellite  as  It  came  over  the  horizon,  Intercept  It  again  overhead,  and 
again  as  It  receded  toward  the  horizon.  This  system  was  placed  In 
operation  In  January  1959. 
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BRL  personnel,  realising  from  the  heglimlng  of  the  program  that  the 
Interim  system  would  have  limited  range  and  coverage,  urged  ARFA  to  supply 
funds  and  to  authorise  a  research  program  designed  to  devel<9  a  realistic 
specification  for  a  system  capable  of  adequately  meeting  all  of  the  orlg-r 
Inal  performance  specifications.  Amendment  No.  3  to  ARPA  order  8-58 
provided  funds  to  extend  the  system  and  to  undertake  an  extensive  research 
program.  Investigating  the  problem  areas  which  were  responsible  for  the 
limited  performance  of  the  Interim  system.  Other  amendments  established 
reporting  procedures  and  provided  funding.  BRL  was  later  relieved  of  the 
responsibility  of  routine  traclcltig.for  the  purpose  of  supplying  data  to 
the  fU.ter  center. 

An  extensive  engineering  study  of  the  system  requirements  was 
Initiated  by  silt,  and  teuitatlve  conclusions  were  outlined  to  ARPA  repre¬ 
sentatives  at  a  meeting  at  ERL  on  April  1939  ea  briefly  described  In 
BRL  Technical  Note  No.  1266,  "An  Approach  to  the  Doppler  Dax^  Satellite 
Detection  Problem",  by  L.  G.  deBey,  July  1959 ♦  The  idea  of  using  several 
pairs  of  scanned,  co-plannax,  fan-shaped  beams  to  cover  the  volume  above 
the  United  States  was  presented  to  ARPA  in  the  Second  Seml-Arunxal  Summary 
Report  for  the  Period  1  January  to  30  July  1959 1  BRL  MemoTEindum  Report  No. 
1220,  by  L.  0.  deBey,  iV.  W.  Richard  and  R.  B.  Patton,  under  section  V, 
entitled,  "A  New  System  Concept" .  By  letter  dated  I9  November  1939, 
subject  "Second  Generation  DOPLOC  R  &  D  Program"  BRL  submitted  to  ARPA 
a  proposal  covering  a  program  of  research  and  development  work  designed 
to  validate  the  conclusions  stated  in  ERL  Memorandum  Report  No.  1220, 
and  to  test  the  performance  of  the  proposed  scanning  beam  DOPLOC  system 
through  the  Installation  and  operation  of  a  scaled-down  model. 

This  proposal  was  not  approved.  On  13  April  I96O  Amendment  No.  5 
to  ARPA  order  8-58  was  received.  It  stated  "As  a  result  of  technical 
evaluations  of  the  SHEPHERD  Program,  it  has  been  determined  that  the 
DOPLOC  systen  will  not  meet  the  Immediate  objectives  of  the  satellite 
detection  and  tracking  program  assigned  to  the  Advanced  Research  Projects 
Agency.  Accordingly,  further  research  on  the  DOPLOC  system  Is  not 
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requli^d".  Tbe  order  further  requested  that  plajjs  for  closing  out  the 
project  be  sxxhmltted  to  ARPA.  The  cessatitm  of  work  came  Just  after 
DOPLOC  had  demonstrated  Its  ability  to  detect,  track  and  ccmpute  reliable 
orbits  vlthln  minutes  after  a  single  passage  of  a  non-radiating  satellite 
over  a  single  station ►  It  had  the  highest  resolution  or  discrimination 
against  ineteors  and  other  extraneous  signal  sources  of  any  known  elec¬ 
tronic  system  of  satellite  detection.  With  the  scanned  fan  ehax>e  beam 
type  system  proposed  to  ARPA,  acquisition  would  be  automatic  and  a 
minimum  number  of  low  cost  stations  would  Insure  a  sneak- proof  coverage. 
Multiple  target  capability  would  be  adequate  for  any  f orseeable  density 
of  satellites.  The  range  and  sensitivity  of  detection  would  be  equiva¬ 
lent  to  or  better  than  those  of  any  other  known  system.  The  cost  of 
providing  volumetric  coverage  of  the  space  above  the  United  States  to 
any  given  altitude  would  be  less  than,  or  at  most  equivalent  to,  the 
cost  of  a  line  type  fence  having  coverage  to  the  same  altitude .  Computing 
time  required  to  produce  an  orbit  ranged  from  five  to  25  minutes  on  a 
slow  computer  of  the  ORDVAC  type.  ,  With  a  modern  high  speed  computer 
these  times  could  be  reduced  to  one  tenth  to  one  hundredth  of  the  above 
values.  The  problem  of  data  digitization  and  transmission  in  real  time 
had  been  solved.  The  system  would  have  a  limited  applicability  to  anti- 
satellite  and  ICBM  defense. 
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II.  EVOLUTION  OP  DOPLOC  PASSIVE  SATELLITE  TRACKING  SYSTEM 
A.  The  BmIc  DOPLOC  Syatem 

1.  DOPLOC  Derivation.  The  DOPLOC  (DQPjpler  phase  LOGlt)  system  Is  a 
satellite  tracking  system  using  the  phase>locked  Doppler  frequency  tracking 
filter  technique.  Historically  It  evolved  from  DOVAP  and  PARDOP  Doppler 
tracking  systems  developed  hy  the  Ballistic  Research  lahoratorles .  DOVAP 
(DOppier  Velocity  And  Position)  Is  an  "active"  Doppler  tracking  system, 
i.e.,  one  which  iises  a  transponder  in  the  missile  to  return  the  signal  to 
ground.'  PARDOP  (PAsslve  Ranging  DOi^ler)  is  a  reflection  Doppler  tracking 
system.  DOVAP  and  PARDOP  utilize  the  Doppler  principle  for  the  accurate 
determination  of  missile  trajectories  and  other  flight  phenomena.  As 
originally  conceived,  DOPLOC  was  to  be  insed  In  conjunction  with  an  upper 
atmoB^iere  Ionosphere  eo^perlment  to  provide  a  high  quality  Doppler  fre> 
quency  record  from  a  satellite  carrying  an  ultra-stable  frequency,  low  'jicwer 
radio  transmitter.  Single  station,  single  pass  operation  was  envisioned  as 
a  desirable  goal  and  served  as  a  basis  for  design  and  choice  of  system 
parameters.  DOPLOC  is  a  reflection  Doppler  tracking  system  consisting  of 
one  or  more  satellite  illuminating  radio  transmitters  and  one  or  more 
Doppler  frequency  receiving  radio  receivers.  By  utilizing  extremely 
narrow  band  filters  In  the  receiving  system  it  is  possible  to  operate  with 
the  extremely  low  signal  levels  that  are  reflected  from  the  satellites . 

By  using  proper  station  geometry  it  is  possible  to  compute  orbits  of  the 
satellites  from  single  passes  over  a  single  pair  of  stations,  i.e.  trans¬ 
mitter  and  receiver. 

2 .  Tracking  Filters .  The  Doppler  frequency  phase- locked  tracking 
filter  is  the  heart  of  the  DOPLOC  system,  providing  a  greatly  Improved 
signal- to- noise  ratio  of  the  output  data  and  therefore  increased  range. 

The  system  is  designed  to  take  full  advantage  of  the  narrow  bandwidth 
in  signal- to-nolse  Improvemaat.  Predetection  filtering  performance  Is 
realized,  taking  full  advantage  of  product  detection  pre<»ded  by  linear 
amplifiers.  The  tracking  filter  is  a  phase- locked,  audio  frequency, 
electronic  bandpass  filter  that  continually  follows  or  tracks  the  Doppler 

^r“Tevel^pe3Tor~tbe  Ballistic  Research  Laboratories  by  the  Ralph  M. 

Parsons  Company,  Pasadena,  California,  imder  contract  no.  DA-Olt-495-QRD-485. 
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frequency  automaticaily.  Its  function  In  the  DDPLOC  receiving  station  la 

to  make  possible  the  detectlcai  and  accurate  frequiwicy  ineasureinent 

signals  ubtch  are  much,  weaker  than  the  noise  at  the  output  of  the  receiver. 

Tracking  of  the  Doppler  frequency  is  accoBSpllshcd  automatically  by  means  of 

a  tight 7  phase*locked  feed  back  loop^  thereby  enabling  the  use  of  an 

ffictranely  narrow  filter  bandwidth  to  obtain  a  large  signal- to- noise  Improve- 

■* 

ment  *  A  unique  feature  of  the  Ballistic  Research  Laboratories '  Interstate 
tracking  filter  is  the  successful  employment  of  a  third  order  servo  control 
circuit.  This  circuit  gives  the  filter  an  effective  memory  and  "aided 
tracking"  type  of  operation  which  maintains  good  lock-on  to  the  signal 
under  widely  varying  dynamic  flight  c<»icLltlona .  Thus  the  i^rowest  possible 
bandwidth  consistent  with  the  radial  acceleration  component  of  motion  can 
be  used  in  order  to  achieve  a  laaaclwum  signal- to*noise  Improvement. 

Ssndvldths  manually  adjustable  from  1.0  to  ^  cps  are  available  in 
the  present  models,  The  narrowest  bandwidth  gives  the  DOFLOC  receiving 
station  a  capability  of  detecting  and  maintaining  lock-on  to  a  signal 
vdileh  is  36  db  below  the  noise  at  the  receiver  output,  i.e.  the  noise 
power  within  the  receiver  output  bandwidth  is  6300  times  greater  than  the 
signal  power.  This  is  possible  with  the  l-ops  filter  bandwld-th  and  16  kc 
reoelver  bandwidth.  A  16  kc  bandwidth  is  used  in  order  to  pass  a  Doppler 
frequency  shift  of  12  dc  and  leave  a  2  kc  safety  margin  at  each  edge  of 
the  passband. 

3.  Sensitivity.  The  DOPLOC  receiver  system  used  vacuum  tube  pre¬ 
amplifiers  with  a  noise  figure  (HF)  of  2  to  3  db  at  I08  me.  The  internal 
phase  noise  In  the  receiver  local  oscillators  was  low  enough  to  permit 
operation  down  to  1  cps  bandwidth  (B).  The  tracking  filter  requires  a 
minimum  of  4  db  output  signal- to-nolse  ratio  (S/K)  to  maintain  lock-on. 
Based  on  these  parameters  the  overall  received  power  sensitivity  (P^) 
is  computed  as  follows:  P  =  MFxKTxBx  S/N 

~  -PI 

=  2x4x10  x2.5 

-20 

=  2  X  10  watte 

where  K  Is  Baltsmann's  constant,  and  T  is  ten5>erature . 

*  This  tracking  filter  was  designed  for  BRL  by  the  Interstate  Engineering 
Corporation,  Anaheim,  California,  on  contract  DA- 04- 495- ORD- 822. 
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With  a  steady,  unmodulated  signal  of  2  x  10  watts  Into  the 
receiver,  the  slgnal-to-nolse  ratio  of  the  output  of  the  tracking  filter 
corresponds  to  an  output  phase  Jitter  of  56°  rms  or  0.1  cycle.  A  signal 
about  3  db  stronger  Is  required  to  lock  on  Initially  with  the  automatic 
system*  When  signal  frequency  and  amplitude  dynamics  require  a  larger 
bandwidth,  the  threshold  received  power  level  to  maintain  lock- on 
Increases  linearly  with  the  bandwidth  used.  G?he  exact  bandwidth  reqxiired 
to  maintain  lock-on  Is  a  function  of  the  received  signal  strength,  the 
rate- of- change  of  frequency  and  the  type  of  modulation  that  may  be  delib-. 
erately  or  Indirectly  imposed  on  the  slgneil.  Ballistic  Research  Labora¬ 
tories  Memorandum  Report  No.  1173>  "DOPLOC  Tracking  Filter"  by  Victor  W. 
Richard,  contains  a  discussion  of  the  bandwidth  selection  problem  and 
gives  the  basic  equations  and  graphs  of  the  relation  between  b6uidwidth> 
rate-of -change  of  frequency  and  signal- to- noise  ratio. 

4 .  Antennas .  With  the  extreme  sensitivities  realized  by  the 
optimum  use  of  very  narrow  bandwidths  and  the  low  noise  receivers  it  is 
generally  possible  for  tracking  active  satellites  to  use  antennas  that 
have  sufficiently  broad  radiation  patterns,  that  the  antennas  need  be 
oriented  only  in  the  general  direction  of  Eirrlval  of  the  expected  signal. 
The  direction  in  which  the  antennas  are  pointed  need  not  be  known 
accurately.  Accurately  known  and  controlled  radiation  phase  patterns 
are  not  necessary.  The  only  requirement  on  the  antennas  is  that  they 
deliver  sufficient  signal,  preferably  as  nearly  constant  as  possible, 
irrespective  of  the  state  of  polsurlzatlon  of  the  incoming  signal.  As 
further  discussion  will  show,  the  success  of  the  passive  DOPLOC  system 
is  dependent  upon  the  most  effective  utilization  of  the  best  antennas 
known  to  the  state-of-the-art.  In  addition  to  the  three  Mlnitrack 

type  receiving  antennas  available  at  each  receiving  station,  flat  top, 
corner  reflector  eind  dipole  antennas  were  also  available . 

5 .  Data  Output .  The  basic  data  output  of  the  receiving  station  is 
Doppler  frequency  correlated  with  time.  Since  veiy  stable  beat  frequency 
sources  ceui  be  used,  the  Doppler  frequency  record  can  be  interpreted  to 
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be  a  very  aeciirate  record  of  received  ceurrler  frequency.  32i«  Doppler 
frequency  output  of  the  tradtlng  filter  is  aufl’lclently  clean.  If  the 
filter  Ifl  locked  on  at  all,  to  permit  direct  electronic  counting  and 
read-out  or  prlnt-out  in  any  desired  form  such  as  arable  numerals, 
punched  tape  in  binary  code,  IBM  cards,  wide  paper  analog  frequency, 
magnetic  tape,  etc.  These  data  can  be  used  with  appropriate  compu¬ 
tational  programs  to  obtain  the  orbital  parameters  desired.  The 
accuracy  of  the  solution  is  determined  largely  by  station  geometry 
with  respect  to  the  satellite  orbit  and  not  by  electronic  equipment 
limitations  and  errors.  Propagation  effects  must  be  taken  Into  account 
for  maximum  accuracy.  When  locked,  the  tracking  filter,  output  Is  within 
90°  or  1/4  cycle  of  the  Input,  thus  Indicating  a  capability  of  providing 
a  Doppler  frequency  accxxracy  of  better  than  one  cycle.  An  accuracy  of 
one  part  in  ten  thousand  is  obtained  with  multistation  missile  tracking 
Doppler  systems  such  as  DOVAP.  Because  of  the  lack  of  any  really 
dependable  system  to  calibrate  the  accuracy  of  the  DOPLOC  system,  the 
orbit  determination  error  is  not  known  with  a  high  order  of  precision. 
However,  based  on  the  agreement  between  the  orbital  parameters  determined 
by  D0PLCX3  data  and  Space  Track  data,  the  DOPLOC  data  appear  to  be  as  good 
as  the  Space  Track  data. 

A  prime  feature  of  the  DOPLOC  system  is  the  translation  or  hetero¬ 
dyning  of  the  input  radio  frequency  signal  down  to  a  frequency  spectrum 
low  enough  in  frequency  to  be  recorded  on  magnetic  tape.  This  trans¬ 
lation  is  done  without  degradation  of  the  signal- to- noise  ratio  or  loss 
of  intelligence  from  the  original  signal  out  of  the  antenna.  Thus  the 
Doppler  frequency  from  any  pass  can  be  stored  and  played  back  through 
the  tracking  filter  and  entire  data  processing  system  in  the  event  that 
any  of  the  equipment  items  failed  during  real  time . 

A  discussion  follows  of  the  problems  of  modifying  the  basic  DOPLOC 
system  Just  described  to  provide  a  system  with  the  anticipated  capability 
of  detecting,  identifying  and  orbit  predicting  of,  non- radiating  objects 
in  space. 
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B.  Application  to  Paaalve  TTracklng 

A  passlTe  tracking  syst^  with  the  capahlXtty  specified  by  ABFA 
requires  the  very  best  of  available  techniques  and  demands  camponente  of 
the  highest  perfoxoance  attainable  within  economic  feasibility.  The 
performance  characteristics  and  parameter  values  proposed  for  the  DOPLOC 
passive  satellite  tracking  system,  based  on  the  state-of-the-art  will  be 
treated  In  this  section. 


The  basic  relation  between  range  and  the  other  parameters  of  a 
reflection  systaa  can  be  eaqpressed  asr 


Pj. 


where:  R  =  range,  »  transmitter  power,  P„  «  receiving  power,  0.  and 

X  r  X 

0^  are  transmitter  and  receiving  antenna  power  gain,  \  -  wave  length  and 
0  =  effective  reflection  crtns  section. 


It  Is  of  Interest  to  solve  for  the  range  of  a  system  using  all  high 
performance,  state- erf- the-art  components  for  which  known  techniques  of 
fabrication  eaclst  even  though  they  may  not  be  economically  feasible  or 
attractive  at  this  time.  Optimum  parameters  will  be  used  in  order  to 
obtain  a  theoretical  maximum  performance  from  which  performance  in  practice 
can  be  predicted  by  applying  expected  degradation  factors.  Under  these 
conditions  a  transmitter  of  one  megawatt  Is  possible;  transmitting  and 
receiving  antenna  gains  of  20  db  each  are  reasonable  since  they  are 
associated  with  moderately  wide  coverage,  shaped  radiation  patterns  of 
about  6^  X  60®.  A  threshold  received  power  requirement  of  2  x  lO”^*^  watts 
will  be  assumed,  although  seldom  possible  to  attain  in  practice  because  of 
external  noise  sources,  wider  bandwidth  req:dj:em^ts  and  initial  lock-on 
requirements.  Maximum  range  will  be  computed  with  three  target  slaes, 

0.1,  1.0  and  10  square  meters,  covering  most  of  the  expected  target  sizes. 
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For  o  e  0.1  sq.  meter 


=  37^0  Kta 

=  2530  miles 

For  a  =  1.00  sq.  meter 

4/~” 

R  -  /lO  X  2330 

s  4l40  miles 
For  a  =  10  sq.  meters 

R  =  X  4140 

=  7370  miles. 

As  previously  stated  these  ranges  are  the  maximum  ones  theoretically 
possible  under  optimum  conditions.  In  practice  several  economic  and 
technical  factors  enter  to  modify  the  parameter  values  attainable.  A 
discussion  follows  on  the  nature  and  magnitude  of  some  of  these  factors 
as  they  apply  to  the  DOPLOC  Passive  Tracking  Syst^a. 

1.  Transmitter  Power  -  P, .  The  use  of  one-megawatt  transmitters  at 

_ X 

108  to  150  me  at  this  time  appears  to  be  well  within  the  state-of-the-art 
and  limited  only  by  economic  considerations.  However,  such  transmitters 
have  to  be  specially  built  and  require  up  to  24  months  lead  time  at  a 
cost  of  at  least  $1,000,000  each,  for  the  basic  transmitter  without  the 
antennas,  shelter,  Installation  and  power  facilities.  Since  the  fence 
was  to  be  installed  on  a  six-month  crash  program  it  was  necessary  to 
procure  an  existing  transmitter.  The  largest  available  unit  located  was 
a  5O-KW  f.m.  broadcast  transmitter.  Since  the  reduction  in  power  from 
one  megawatt  to  30  KW  reduces  the  range  by  only  a  factor  of  2.1,  the 
5O-ICW  transmitter  was  considered  to  be  adequate  to  demonstrate  the  feasi¬ 
bility  of  the  DOPLOC  system  in  an  interim  Installation. 
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2.  Antenna  Gain  *  G.  and  G  .  In  the  original  planning  it  appeared 

■ _ _ *u  _ r  •  ' 

to  he  -technically  and  economically  feasible  to  utilize  antennas  with  about 
20  db  gain  and  6°  x  60°  fan-shaped  beams.  The  closest  thing  immediately 
available  was  the  Mialtrack  type  antenna.  It  produced  approximately  the 
desired  beam  shape  and  was  rated  by  the  manufacturer  at  iS-db  gain.  The 
reduction  from  20  to  l8-db  gain  reduced  the  range  by  a  factor  of  1.25. 
Unfortunately^  in  practice  in  tixe  field,  the  realized  antenna  gain  was 
still  sauewhat  less,  apparently' nearer  l6  db.  A  factor  which  must  be 
considered  is  that  the  rated  gain  of  the  antennas  could  not  be  realized 
in  practice  due  to  polarization  rotation  and  misalignment 'between  the 
antennas  and  the  target.  An  average  loss  of  4.5  db  has  been  estimated 
for  this  factor,  reducing  the  range  by  1,27.  It  is  also  impossible  to 
orient  the  transmitting  and  receiving  antennas  and  to  shape  their  patterns 
to  overlap  at  optimum  gain  over  a  large  volume  of  space.  This  condition 
is  caused  by  the  geometry  involved,  which  is  due  In  part  to  the  cvirvature 
of  the  earth.  The  antenna  orientation  is  treated  in  detail  in  BRL  Report 
No.  1055  October  1958,  entitled  "Doppler  SignsO-s  eind  Antenna  Orientation 
for  a  DOPLOC  System"  by  L.  P.  Bolglano.  Three  geographic  locations  along 
a  great  circle  were  chosen.  Fort  Sill,  Oklahoma,  was  chosen  for  the 
transmitter,  and  White  Sands  Missile  Range  and  Forrest  City,  Arkansas, 
for  the  receiving  stations.  The  dis-bance  between  Fort  Sill  and  WSMR  is 
480  miles  and  from  Port  Sill  to  Forrest  City,  453  miles.  The  si-te 
locations  are  as  follows: 


Latitude 

Longitude 

Great  Circle  Bearing 


WSMR 

33°42‘i8" 

106°44'l6" 

79°51'i6" 


PORT  SILL 
54°39’20" 

98°24‘20" 

84°32'29" 


FORREST  cm 
35°00'54" 

90°45’50" 

89°01‘23" 


Three  antennas  were  located  at  each  station.  They  are  designated  as 
the  center,  north  and  south  antennas.  The  center  antenna  at  Fort  Sill 
had  its  ground  plane  horizontal  and  its  long  axis  in  an  approximate  north- 
south  direction.  This  placed  the  broad  dimension  of  the  antenna  beam  in 
an  approximate  east- west  direction.  The  north  and  south  antennas  were 
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oriented  to  direct  the  fan- shaped  'beams  20°  above  the  horizon.  At  the 
receiving  stations,  the  three  antennas  vere  directed  to  have  the  axes  of 
the  heams  Intersect  at  a  distance  of  900  miles  from  the  stations.  The 
receiving  antennas  wew  therefore  tilted  toward  tl»  transmitting  antennas. 
The  above  mentioned  report  (by  Bolglano)  contains  a  detailed  computation 
of  the  antenna  orlentatloi  angles  and  reduces  the  Installation  Instructions 

to  a  series  of  rotations  about  easily  defined  axes.  13ie  types  of  "S"  curves 

to  be  expected  from  satellites  flying  various  courses  relative  to  the  detec¬ 

tion  system  are  plotted.  Doppler  shift  and  rate -of- change  of  Doppler  shift 
are  computed  and  graphed  for  108  megacycles  per  second  signal  reflected 
from  a  passive  satellite.  Orientation  angles  to  converge  the  beam  patterns 
of  a  transmitting  and  receiving  antenna,  each  with  a  76°  x  8°  beam,  are 
computed  and  listed  in  tabular  form.  Computational  procedures  are  described 
In  detail  to  facilitate  further  Investigation.  It  Is  shown  that  a  one 
square  meter  cross  section  satellite  within  the  antenna  beam  patterns  will 
bo  detectable  to  a  range  of  about  1,000  miles.  In  field  practice  this 
value  of  1,000  miles  range  was  found  to  be  too  optimistic  for  small  size 
satellites.  The  actual  achieved  range  was  nearer  ^00  miles.  Bolglemo 
also  shows  that  tracking  filter  bandwidths  greater  than  10  cps  are  required 
only  for  the  closest  approach  of  very  dose  satellites. 

3 ♦  Operating  Frequency ■  The.  choice  of  an  optimum  frequency  for  a 
DOPLX  passive  satellite  tracking  system  required  considerable  study.  The 
frequency  of  108  me  was  available  and  had  been  chosen  for  the  early  U.  S. 
satellite  work.  Equipment  was  readily  available  in  this  frequency  range. 
Thus  It  appeared  expedient  to  set  up  the  interim  fence  on  a  frequency  of 
108  me.  However  this  was  not  believed  to  be  an  optimum  frequency  or 
really  even  a  good  choice.  The  cosmic  noise  at  108  me  had  been  measured 
to  be  large  enough  at  certain  times  to  reduce  the  receiver  system  sensitiv¬ 
ity  by  as  much  as  6  db,  l.e.  by  a  factor  of  ^4-  in  power  of  1.4  in  range. 

The  average  cosmic  noise  level  has  been  measured  to  be  about  2  to  3  db 
above  receiver  noise  with  some  periods  of  very  little  or  no  cosmic  noise. 

At  about  the  time  of  the  Initiation  of  work  on  the  fence,  the  opinion  of 
many  radio  engineers  appeared  to  favor  a  much  higher  frequency  than  108  me. 
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This  opinion  was  Based  on  the  fact  that  as  the  frequency  of  operation  is 
increased  the  external  noise,  such  as  cosmic  noise  decreases.  A  more 
Intenslye  investigation  of  this  subject  showed  that,  of  the  several  factors 
having  parametefs  which  vary  with  frequency  in  the  100  to  1,000  me  range, 
the  advantages  wd  disadvantages  as  one  increases  frequency  almost  exactly, 
Balance  each  other  out  to  such  an  extent  that  it  was  found  that  the  Best 
frequency  range  for  a  reflection  DOPLOC  system  was  Between  100  and  150  Jfc/s. 
As  applied  to  the  satellite  fence  program,  the  optimization  of  the  frequency 
problem  is  one  of  choosing  a  frequency  which  will  give  a  maximum  probability, 
within  technical  and  economic  limitations  of  detecting  non-radiating  satel¬ 
lites  .  The  maximum  amount  of  transmitter  power  available  for  radiation  is 
assumed  to  Be  fixed.  The  principal  factors  which  affect  the  selection  of 
the  optimum  frequency  Include  the  following: 

1.  Radar  equation. 

2.  Antenna  beam  width  requirements; 

3.  Cosmic  and  galactic  noises. 

4 .  Bandwidth 

3.  Minimum  detectable  signal. 

The  way  in  which  these  factors  affect  the  choice  of  frequency  to  be 
used  is  discussed  Briefly  in  the  following  paragraphs. 

a.  Radar  Equation.  The  radar  equation  for  the  reflection  type  Doppler 
signal  is  the  comBinatlon  of  two  equations,  each  of  which  presents  the 
Inverse -square  power  loss  in  one  leg  of  the  path  from  transmitter  to  satel¬ 
lite  to  receiver.  It  may  Be  written  in  the  form: 

P  =  KG.  P.  A  A  /r,  ^ro^ 
r  t  t  s  r'  1  2 

where  P  is  the  receiver  power,  K  is  an  arbitrary  constant,  G  is  the  gain 
of  transmitting  antenna,  P.  is  the  transmitted  power,  A  is  the  effective 
scatter  area  of  the  satellite,  A^  is  the  effective  area  of  the  receiving 
antenna,  emd  r^^  and  Tg  are  the  distances  from  the  satellite  to  the  trans¬ 
mitter  and  to  the  receiver,  respectively. 
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The  value  of  Is  limited  In  its  maximum  value  by  the  physical 

®  2 
projected  area  of  the  satellite.  Consequently  the  ratio  of  to  r^ 

has  a  limiting  value  set  by  the  physical  size  of  the  satellite  and  by 

the  range.  Similarly,  on  the  receiving  path,  the  solid  angle  within 

which  energy  is  received  from  the  satellite  is  determined  by  the  ratio 

2 

of  the  effective  antenna  area  to  the  square  of  the  slant  range,  rg  • 

The  larger  the  effective  eurea,  of  the  receiving  antenna,  therefore,  the 
larger  is  the  magnitude  of  the  signal  received  at  the  receiving  site 
for  any  given  magnitude  of  transmitted  power  end  antenna  gain  at  the 
transmitter  and  receiver.  The  effective  capture  area  of  a  receiving 
antenna,  of  fixed  gain,  deexeases  as  the  frequency  increases.  Therefore, 
as  the  operating  frequency  is  increased,  the  received  power  will  decrease, 
baaed  on  capture  area  considerations. 

b.  Antenna  Beamwldth.  The  beam  angular  dimensions  for  both  the 
transmitting  and  the  receiving  antennas  for  a  satellite  detection  system 
such  as  DOFLOC  must  be  established  on  the  basis  of  the  orbital  parameters 
of  the  satellite  and  the  minimum  data  requirements  for  an  orbital  solu¬ 
tion.  The  solid  angle  within  which  the  system  is  to  receive  energy  from 
a  satellite  must  Intersect  the  solid  angle  throu^  which  energy  from  the 
transmitter  is  radiated,  and  it  must  be  of  such  dimensions  that  the 
probability  of  recognition  of  a  satellite  passage  is  high.  The  numerical 
specifications  of  angular  dimensions  explicitly  determine  the  gain  and 
the  dimensions  of  the  antenna  in  wave  lengths .  To  obtain  a  maximum 
capture  area  from  such  an  antenx»,  it  is  again  desirable  to  use  the  lowest 
possible  frequency.  Otherwise,  maximum  energy  capture  is  not  achieved, 
and  the  objective  of  maximum  range  is  defeated.  Increasing  the  antenna 
area  in  square  wave  lengths  and  using  higher  frequencies  (keeping  the 
physical  area  approximately  constant)  produces  narrower  beam  widths  than 
those  required  to  permit  the  total  required  amount  of  data,  with  the 
result  that  the  received  signal  will  not  have  sufficient  duration.  Beam- 
width  considerations  therefore  also  favor  low  frequencies. 
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c.  Cosmic  Ndse.  Cosmic  and  galactic  noise  is  made  up  of  electro¬ 
magnetic  disturbances  or  signals  having  characteristics  similar  to  white 
noise 4  When,  however,  these  signals  6ire  examined  over  a  vide  frequency 
range  they  lose  some  of  the  similarity  to  white  noise  >  Consequently,  tlie 
equivalent  black  body  temperature  of  the  radiation  varies  with  the  fre¬ 
quency  of  measurement,  decreasing  from  between  2,000  to  20,000  degrees 
Kelvin  at  64  mc/s,  depending  on  the  sky  area,  to  less  than  100  degrees 
at  910  mc/s.  (True  white  noise  characteristics  would  result  in  a  constant 

temperature  as  a  function  of  frequency.)  The  effective  sky  temperature 

1* 

has  been  reported  by  Meocon  to  change  at  different  rates  with  respect  to 
frequency,  depending  on  the  area  of  the  sky  which  is  being  observed.  The 
frequency  and  the  temperature  have  an  inverse  exponential  relation,  the 
exact  value  of  the  exponent  depending  on  whether  the  measurement  is  made 
in  the  direction  of  the  galactic  plane  or  not.  The  equation  applying 
when  looking  toward  the  center  of  the  galaxy  is  given  as: 

T  =  K 
w  g 

where  T  is  the  equivalent  black  body  temperature,  K  is  the  constant  of 

W  *  g 

proportionality  for  the  galaxy,  and  f  is  the  frequency  in  me.  A  similar 
equation  is  given  for  outer  cosmic  areas; 


= 


-2.1 


where  K  is  the  constant  of  proportionality  of  cosmic  space.  A  single 
c  2 

exponent  of  -2.5  is  given  by  Cottony  of  the  National  Bvireau  of  Standards 
which  gives  an  overall  average  relationship  of 


Superficially,  the  rapid  reduction  of  T^  with  freqxaency  would  make  it 
appear  that  the  higher  the  frequency  used,  the  better  the  results.  This 
is  not  necessarily  the  case,  since  it  has  been  shown  that  the  desired 
BlgneU.  will  also  decrease  as  the  frequency  increases .  Since  the  received 
signal  falls  off  as  the  inverse  square  of  the  frequency,  the  new  increase 
in  signal- to- noise  ratio  varies  exponentially  with  frequency  between  -0.1 

^  Superscripts  refer  to  references  at  the  end  of  the  report. 
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6uid  *0.7  based  on  the  cosmic  noise  consideration  alone.  There  Is  also 
filter  bandwidth  effect  to  be.  considered  which  requires  an  increase'  in 
bandwidth  by  the  square  root  of  the'  frequency  increase  which  tends  to 
balance  out  the  cosmic  noise  fall- off,  depending  upon  which  exponent  is 
used.  Figure  1  shows  the  variation  of  minimum  detectable  satellite 
sign^  (S/N  B  1)  as  a  function  of  frequency,  assuming  a  value  of'  100  me 
as  a  reference,  both  for  areas  of  the  sky  toward  the  galactic  center 
(toward  Sagittarius)  and  toward  the  pole  of  galaxy  (extragalewtlc).  The 
minimum  level  is  shown  for  two  cases,  constant  signal  bandwidth  and 
bandwidth  proportional  to  the  carrier  frequency. 

The  minimum  signal  requirement  in  the  presence  of  cosmic  noise  is 
derived  by  converting  the  cosmic  noise  level,  which  is  given  in  equiva- 
lent  sky  brightness  or  black  body  temperature  in  degrees  Kelvin,  to 
power  density  in  watts  per  square  meter.  This  conversion,  based  on  the 
Bay lelgh- Jeans  lav,  is  as  follows: 

SttKf^BTu 

where  p  is  in  watts  per  square  meter,  K  is  the  Boltzman  constant,  f  is 
in  cps,  B  is  bandwidth  in  cps,  Tw  is  the  black  body  temperature  in 
degrees  Kelvin,  and  C  la  the  velocity  of  propagation.  Black  body  radiation 
is  randomly  polarized,  with  equal  power  in  each  plane,  therefore  a  llneeirly 
polarized  receiving  antenna  will  Intercept  only  one  half  of  the  power  given 
by  the  above  expression.  It  is  significant  to  note  with  regard  to  the 
above  eqxiatlon  that  the  noise  power  density  is  proportional  to  the  square 
of  the  frequency.  The  net  effect  of  increasing  the  operating  frequency 
is  the  combination  of  this  factor  with  the  fall- off  of  cosmic  noise  with 
frequency  as  follows; 

P  B  K'  f‘^’^  X  f^ 

■=  K'  f'°*^ 

These  relationships  between  black  body  temperature,  power  density  and 
frequency  are  shown  in  Figure  2  using  measured  values  at  108  me  as 
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COSMIC  NOISE  VS.  FREQUENCY 
FIGURE  2 


reference  points.  These  plots  show  that  there  is  a  quite  small  decrease 
in  cosmic  noise  power  density  with  frequency.  A  ten-to-one  increase  in 
frequency  reduces  the  cosmic  noise  power  density  by  only  a  factor  or  two, 

In  summary,  the  exact  manner  in  which  cosmic  noise  varies  at  the 
output  of  the  antenna  or  the  receiver  after  passing  through  the  bandwidth 
limiting  circuits,  is  strongly  dependent  upon  the  basic  type  of  trac'king 
system  under  consideration.  The  interim  DOPLOC  system  required  a  fixed 
antenna  beam  width  and  increasing  bandwidth  with  frequency,  therefore  the 
optimum  frequency  based  on  cosmic  noise  consideration  is  a  low  frequency. 
Figure  3  sumtoarizes  the  effect  of  cosmic  noise  with  a  plot  of  the  relation 
between  receiver  signal  power  required,  transmitter  power,  and  carrier 
frequency.  The  saving  in  transmitter  power  by  operating  at  low  frequency 
is  shown  in  this  graph.  The  major  opposing  factor  not  shown  on  the  graph 
is  the  increasing  height  of  the  antenna  structure  as  the  frequency  is 
decreased.  This  can  be  a  critical  factor  since  the  cost  of  unusually  high 
structures  increases  roughly  as  the  cube  of  the  height. 

d.  Bandwidth.  The  information  bandwidth  required  for  tracking  the 
Doppler  frequency  signal  reflected  from  a  satellite  is  proportional  to 
the  square  root  of  the  carrier  frequency.  Since  the  signal- to-noise  ratio 
is  the  critical  factor  in  satellite  detection,  both  a  minimum  bandwidth 
and  minimum  operating  frequency  consistent  with  other  conditions  must  be 
accepted  for  optimum  results.  Fundamentally,  the  filters  for  all  tracking 
systems  must  have  sufficient  bandwidth  to  encompass  the  random  phase  noise 
and  higher  derivative  signal  con^onents.  For  this  reason,  the  lowest 
frequency  which  has  negligible  ionospheric  noise  should  be  used. 

e.  Minimum  Detectable  Signal.  The  introduction  of  narrow  band 
tracking  filters  and  of  new  types  of  low  noise  receivers  has  stimulated  an 
interest  in  determining  what  physical  parameters  really  limit  the  detection 
of  a  coherent  signal.  Qualitative  arguments  had  been  advanced  suggesting 
that  quantum  limitations  might  exist  at  power  levels  within  the  capabil¬ 
ities  of  modern  radio  receivers.  Accordingly  it  was  considered  of  interest 
to  investigate  whether  quantum  mechanical  considerations  set  limitations  to 
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achievable  sensitivities  and  to  evaluate  their  engineering  importance.  A 
small  contract  designed  to  support  an  investigation  of  the  probable  q,uantum 
limitation  of  detectable  signals  was  awarded  to  the  Electrical  Engineering 
Department  of  the  University  of  Delaware,  Newark,  Delaware,  with  Dr.  L.  P. 
Bolglano,  Jr.  and  Prof.  W.  M.  Gottschalk  as  the  principal  Investigators. 

This  work  was  reported  in  "Quantum  Mechanical  Analysis  of  Radio  Frequency 
Radiation"  by  L.  P.  Bo.iglano,  Jr.  and  W.  M.  Gottschalk,  Report  No.  13  in 
the  BRL  DOPLOC  Satellite  Fence  Series,  June  13^  19^0,  Electrical  Engineering 
Department,  University  of  Delaware,  Newark,  Delaware.  In  this  report  an 
Intuitive  account  of  thermal  radiation,  making  complementary  use  of  classical 
wave  and  particle  descriptions,  is  used  to  give  a  q\ia1 itative  introduction 
to  the  nature  and  magnitude  of  the  effect  which  might  be  expected.  Quantum 
mechanical  computations  of  the  phenomena  obtained  in  specific  detectors  and 
preamplifiers  are  reviewed  and  found  to  support  the  observability  of 
quantian  fluctuations.  It  is  found  that  the  random  signals  observed  in  wide 
band  radiometers  are  sufficiently  weak  to  make  these  quantum  fluctuations 
of  comparable  magnitude  to  classical  wave  fluctuations  if  receiver  noise 
is  Ignored.  It  is  also  shown  that  the  specific  power  level  at  which  quantiam 
levels  become  Important  may  depend  strongly  on  the  information  to  be 
extracted  from  the  signal.  For  the  purpose  of  this  discussion  relative  to 
freqijency  selection  for  DOPLOC,  it  should  suffice  to  say  that  if  the  quantum 
mechanical  limitation  should  prove  to  be  a  limiting  factor,  it  can  be 
expected  that  the  minimum  detectable  signal  power  will  be  proportional  to 
the  square  of  the  frequency,  and  will  thus  mitigate  in  favor  of  a  low  DOPLOC 
carrier  frequency. 

f.  Conclusions  Relative  to  Choice  of  Frequency.  The  considerations 
presented  above  indicate  that  the  optimum  frequency  for  the  DOPLOC  system 
should  be  as  low  as  is  consistent  with  the  bandwidth  required  to  accommodate 
ionospheric  noise.  Experience  with  the  analysis  of  DOVAP  (Doppler)  and 
satellite  tracking  records  at  BRL  indicates  that,  because  of  the  ionospheric 
background  noise  modulation  on  the  signal,  the  probable  min-itmim  bandwidth 
setting  m  a  trewsklng  filter  operated  at  76  ac  is  approximately  5  cps,  where 
as  for  signals  at  108  me  it  is  approximate^^  2.3  cps.  Since  the  lnav^^tnlTn 
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■bcuidwldth,  from  consideration  of  missile  signal  dynamics,  which  might  be 
required  to  lock  on  to  the  satellite  at  an  altitude  of  500  miles  is  4.5  cps, 
and  at  2500  miles,  1.4  cps,  and  after  lock  on,  some  one  or  two  cycles  would 
be  required  to  track,  It  is  evident  that  operation  at  'JS  me  shows  the 
presence  of  an  excessive  amount  of  noise,  whereas  operation  at  108  me  is 
perhaps  an  excellent  compromise..  Actually,  as  indicated  above,  a  reason¬ 
able  broad  band  of  frequencies  may  be  considered  essentially  optimum  since 
the  loss  of  sensitivity  with  frequency  Is  shown  by  the  Figure  5,  page  54, 
to  vary  at  a  rate  of  f^*^  to  f^’"^  relation.  On  the  basis  of  the  data  shown, 
the  range  within  which  the  frequency  should  be  selected  extends  from  100  to 
150  me  with  175  me  as  the  highest  permissible  value.  Thus  108  me  was  quite 
suitable  for  the  Interim  fence  system.  For  the  ultimate  DOPLOC  system 
which  was  proposed  but  never  instrumented,  a  frequency  of  150  me  was  chosen. 

4.  Receiver  Power  Sensitivity,  An  effort  was  made  to  design  the 

-20 

receiver  circuits  to  provide  a  signal  sensitivity  of  2  x  10  watts  when 
used  with  a  1  cps  bandwidth.  Under  controlled  conditions  and  with  the 
antenna  pointed  in  low  noise  directions,  this  sensitivity  was  actually 
obtained.  However  it  is  not  practical  to  attain  such  high  sensitivity  and 
narrow  bandwidth  in.  tracking  eeorth  satellites  at  100  to  1,000  miles  altitude 
and  at  108  me  frequency.  As  previously  noted,  cosmic  noise  power  will  on 
the  average  double  the  required  power  for  reception.  Also  passive  satel¬ 
lites  at  100  -  1,000  miles  altitude  require  more  bandwidth  than  1  cps  to 
accommodate  only  the  dynamics  of  the  problem.  Ihe  highest  sensitivity  is 
needed  when  searching  at  low  elevation  angles  to  detect  satellites  as  they 
emerge  over  the  horizon,  This  Is  compatible  with  the  Information  bandwidth 
required  since  the  rate- of- change  of  frequency  is  then  smallest,  permitting 
the  use  of  the  narrowest  bandwidth.  Wider  bandwldths  are  required  to 
maintain  lock-on  as  the  satellite  passes  by  the  station,  particularly  at 
the  lower  altitudes.  This  again  is  compatible  since  the  distances  are 
shortest  and  sensitivity  requirements  least  at  closest  approach. 

Any  automatic  lock- on  system  for  use  with  the  tracking  filter  requires 
a  signal  about  three  db  greater. for  capture  or  look- on  than  is  required  to 
hold  lock  and  track  once  the  signal  is  locked  on.  This  Is  because  of  the 
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faet  rates  at  vhicli  the  lock-on  device  must  sweep  in  frequency  in  order  to 
cover  the  spectrum  to  he  searched.  Thus  a  total  of  approximately  6  dh 
increase  in  signal  may  he  required  in  practice  above  that  assumed  in  previous 
range  calculations.  This  can  cause  a  further  range  reduction  of  approx¬ 
imately  1.4.  In  summary,  the  received  power  required  for  locking  onto  a 
signal,  under  different  conditions  of  bandwidth  and  cosmic  noise  is  tabulated 
as  follows: 


Received  Signal  Power  Required 

Bandwidth,  epa 

Cosmic  Noise  Level 

10”^^  watts  (-I90  dbw) 

2.5 

Negligible 

2  X  10”^^  watts  (-187  dbw) 

2.5 

5  db  above  receiver 
noise 

-ifl 

10”  watts  (-I80  dbw) 

25 

Negligible 

2  X  10"^®  watts  (-177  dbw) 

25 

5  db  above  receiver 
noise . 

5.  Satellite  Reflection  Cross  Section  -  g  .  Since  the  DOPLOC  system 
had  been  initially  designed  for  use  with  radiating  (active)  satellites,  there 
was  really  no  problem  in  obtaining  the  required  signal  strength  from  very 
small  missile  borne  transmitters  over  the  altitude  range'  and  from  horizon  to 
horizon.  To  adapt  DOPLOC  to  the  small  signals  which  would  be  reflected  free 
small  bodies  of  0.1  to  10  square  meters  effective  reflection  cross  section 
required  a  careful  study  of  signal  levels  to  be  expected  from  practical 
transmitter  powers  and  realizable  satellites.  Body  configurations,  dimen¬ 
sions,  .spin,  tumble,  and  extent  of  camouflage  all  affect  the  reflection 
cross  section  of  a  body.  The  term  "effective"  cross  section  is  used  to 
mean  the  value  of  a  in  the  radar  equation  that  must  be  used  to  determine 
the  actual  range  of  propagation  with  the  particular  satellite  target  under 
consideration.  The  effective  reflection  cross-section  area  Is  strongly 
affected  hy  the  alignment  of  the  target's  reflection  amplitude  pattern  and 
polarization  with  respect  to  the  illuminating  and  receiving  station  antennas. 
By  using  the  equations  available  in  the  literatiure  for  the  monostatic  case, 
l.e.,  transmitter  and  receiver  coincident,  the  effective  dimensions  of 
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simple  spheres  and  cylinders  were  calculated.  The  values  thus  obtained 
were  far  peak  reflection  cross  section. with  optimum  orientation  of  the 
target  on  the  maximum  of  the  reflection  pattern  lobe.  Calculated  values 
for  spheres  and  cylinders  are  as  follows: 

Max.  Gross  Section  Sphere  Dia.  Cylinder  Length 

0.1  sq  meters  1.5  feet  2  1/4  feet 

1.0  4.2  3  l/2  feet 

10.0  11.7  14  to  50  feet. 

The  areas  for  the  cylinders  weM  computed  for  a  length- to- diameter  ratio 
of  15.  A  range  of  l4  to  50  feet  was  estimated  for  a  cross  section  of  10 
square  meters  because  of  the  effects  of  resonance.  If  the  effective 
length  of  the  target  happens  to  be  an  exact  multiple  of  a  half  wave  length, 
it  will  have  a  much  larger  effectlye  area  than  if  it  Is  some  random  length. 
For  the  blstatlc  case,  where  the  transmitter  and  receiver  are  widely  sepa¬ 
rated  compared  with  the  range  of  tracking,  the  angle  between  the  Incident 
and  the  reflected  rays  further  modifies  the  effective  cross  section  area. 
Power  and  effective  cross  section  area  calculations  are  treated  In  more 
detail  in  BRL  Report  No.  1330,  entitled  "DOPLOC  Observations  of  Reflection 

Cross  Sections  of  Satellites"  by  H.  Lootens.  Using  the  DOPLOC  data  and 

2 

the  equation  ^  _  nde  and  the  basic  radar  equation,  effective  cross 

X  - 

section  areas  were  computed  for  a  number  of  satellites  that  were  tracked. 
The  conputatlons  are  based  on  actual,  measured  data.  To  give  an  idea  of 
the  magnitude  and  ranges  of  effective  cross  section  area,  the  data  below 
are  taken  from  Lootens’  report.  In  the  original  data  effective  cross 
section  areas  are  computed  for  the  center,  north,  and  south  antennas  when 
sufficient  data  8a:e  available.  Since  the  principal  interest  here  Is  to 
show  the  extent  of  the  variation  in  reflection  cross  section,  data  from 
the  center  antenna  only  are  given. 


58 


I 


TABLE  II  -  1 

Effective  CrosB  Section  Area  for  Selected  Satellites  and  Revolution  Nunibers 


SATELLITE 

Revolution  No. 

(Cross  Section  Area  (sq.  ft.)) 
Measured  In  Center  Antenna 

»58  Delta 

7049 

86.0 

7358 

47.0 

8386 

68.5 

8643 

25.6 

8683 

87.9 

8719 

27.1 

8734 

28.2 

8795 

15.1 

9009 

40.5 

9172 

49.0 

9255 

178.2 

9286 

248.0 

9466 

87.1 

9472 

292.0 

9503 

22.9 

9581 

38.0 

9716 

16.2 

9826 

12.7 

9832 

7-1 

9848 

22.3 

9938 

180.0 

9943 

74.5 

10001 

29.6 

'59  Epsilon 

53 

26.6 

60 

18.8 

314 

14.7 

414 

70.2 

59 
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SATELLITE 

'59  Zeta 

'59  Happa 
'59  Laiabda 

'60  Gamma  1 

'60  Gamma  2 
'60  Delta 


TABIE  II  -  1  (Cont. 'd) 

Revolution  No.  (Cross  Section  Area  (sq.  ft.)) 

Measured  in  Center  Antenna 

14 
556 
855 
871 
.884 


183 

225.6 

96 

102.2 

138 

60.5 

278 

149.8 

1285 

174.4 

1516 

■  't 

72.9 

318 

94.5 

403 

63.5 

418 

46.4 

856 

118.0 

960 

97.1 

1042 

32.4 

30 

35.9 

124 

53.1 

140 

20.9 

156 

10.6 

165 

71.5 

172 

210.0 

132.0 

27.7 

59.5. 

51.2 

151.2 
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TABLE  II  -  1  (Cont.'d) 


SATELLITE 

Revolution  No. 

(Cross  Section  Area  (sq,.  ft.)) 
Measured  in  Center  Antenna 

>60  Epsilon  1 

165 

503.7 

386 

81.0 

522 

206.1 

•60  Epsilon  2 

137 

23.5 

147 

14.0 

303 

14.0 

::5P9 

96.0 

6l6 

6.2 

6 .  Reflections 

from  oilier  Objects. 

It  was  initially  expected  that 

both  airplanes  and  meteors  would  produce  spurious  reflections  which  might 
be  troublesome  to  eliminate  from  the  DOPLOC  data.  Since  it  was  known  that 
Stanford  Research  Institute  personnel  had  made  an  extended  study  of  reflec¬ 
tions  from  meteors  and  meteor  trails,  advantage  was  taken  of  an  existing 
contract  with  SRI  to  have  this  problem  studied.  The  effects  of  meteors  and 
meteor  trails  6u:e  discussed  in  detail  in  a  report  "DOPLX  System  Studies" 
by  W.  E.  Scharfman,  H.  Rathman,  H.  Guthart,  and  T.;-Morita  (Final  Report, 
Part  B,  Report  No.  10  in  the  BRL  DOPLOC  Satellite  Fence  Series),  Stanford 
Research  Institute,  Menlo  Park,  California. 


In  practice,  meteors  enter  the  atmosphere  with  velocities  between  10 
and  75  kilometers  per  second.  Although  some  meteors  are  decelerated 
noticeably  in  the  atmosphere,  most  of  them  evaporate  and  deposit  their 
ionization  along  their  path  at  a  nearly  constant  velocity.  While  a  meteor 
is  coming  in,  an  echo  la  received  from  the  elemental  scattering  lengths  of 
ionization  formed  along  the  straight-line  path  of  the  trail.  This  "Doppler 
echo"  has  the  range  and  velocity  of  the  meteor  at  the  start  of  the  Ioni¬ 
zation  trail,  £Uid  shows  a  considerable  Doppler  shift  which  depends  on  its 
velocity  and  on  its  orientation  with  respect  to  the  transmitter  and  . 
receiver.  The  echo  from  the  meteor  Itself  is  normally  too  small  to  be 
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directly  detected,  so  that  the  detected  signal  is  due  to  the  reflection 
fr<sn  a  trail  which  Is  Increasing  In  length  with  time.  The  amplitude  of 
the  echo  rises  to  a  large  value  at  the  point  (if  any)  where  the  angle 
formed  hy  a  ray  frcan  the  transmitter  and  the  normal  to  the  trail  axis  Is 
equal  to  the  angle  formed  by . a  ray  from  the  receiver  and  the . nonnsl,  to 
the  trail  axis.  After  the  meteor  has  passed  this  point,  referred  to  as 
the  specular  point,  the  received  signal  Is  campoaed  of  a  Doppler  echo 
superimposed  on  a  continuing  specular  echo  from  the  body  of  the  trail  near 
this  point,  Ihe  "body  eclio"  decays  while  remaining  at  a  more  or  less  fixed 
range,  and  shows  only  a  slight  Doppler  shift  caused  by  Ionospheric  winds. 
Thus  the  head  echos  were,  at  very  high  Doppler  freq\]encle8  and  were  unable 
to  pass  the  treichlng  filter,  while  the  echos  froga  the  trails  showed  lit'Ue 
or  no  Doppler  slope.  These  could  easily  be  identified  as  trail  echos  and 
presented  no  data  reduction  problem. 

During  the  entire  observation  period  a^ptroaclmately  10  so  called 
unidentified  bodies  were  Indicated  In  the  DOPLOC  data.  These  data  had 
the  proper  Doppler  frequency  change  for  satellites,  but  did  not  correspond 
to  any  known  orbits.  They  may  have  been  caused  by  meteors  or  could  have 
resulted  from  equipment  malfunctions,  or  possibly  even  unidentified  bodies. 
No  data  are  available  to  Indicate  the  seriousness  of  the  problem  of  dl8crim> 
Inatlng  against  n^teor  signals  when  the  scanned  beam  antennas  are  used  as 
proposed  for  the  full  scale  system.  However  It  appears  that  this  problem 
can  be  easily  solved  by  limiting  the  range  of  Doppler  frequency  which  can 
be  locked  In  on  the  tracking  or  circulating  memory  filter 

7.  Solutions  for  Orbit  Parameters.  When  the  Interim  DOPLOC  fence  was 
first  conceived,  the  only  problem  which  had  not  already  been  essentially 
either  solved  or  for  the  solution  of  which  known  engineering  techniques 
were  available,  was  that  of  determining  the  orbitcJ.  parameters  from  DOPLOC 
data.  The  three  or  four  station  DOVAP  problem  had  been  solved  with 
consistency  and  accuracy  for  years.  But  In  the  DOVAP  problem  the  missile 
carried  a  transponder  and  a  minimum  of  three  stations  with  reasonably  good 
station  location  geometry  were  available.  The  goal  set  for  the  DOPLOC 
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system  was  to  determine  an  or'blt  with  sufficient  accuracy  to  either 
Identify  a  satellite  as  a  known  one  or  as  a  new  one  from  data  obtained 
from  a  single  pass  over  a  single  receiving  station  and  in  a  time  after 
detection  of  less  than  one  pass  or  orbit  period.  The  first  efforts 
seemed  to  be  rather  hopeless,  but  by  the  end  of  the  second  six-month 
reporting  period  a  method  was  sufficiently  well  developed  to  be  Included 
In  the  second  technical  summary  report.  More  recently,  an  extensive 
effort,  both  in  house  and  by  contract,  has  resulted  In  the  development  of 
satisfactory  methods  of  solution.  These  methods  will  be  treated  in  some 
detail  later  In  this  report. 
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III.  DOPLOC  EXFERDEmi  PACILITI 
A.  Ba<Aground  Experience  and  Developoents 

Since  19^5/  vhen  BRL  first  established  the  DOVAP  instrumentation  at 
White  Samds  Missile  Range,  New  Mexico,  the  Ballistic  Measurement  Laboratory 
had  been  actively  working  toward  extending  the  range  and  dependability  of 
trajectory  data  gathering  equipment,  5toou^  a  contract  with  Convair  the 
DORAN  equipment  was  developed  in  an  effort  to  remove  the  amibiguity  from  the 
Doppler  data.  By  contract  with  Ralph  M.  Parsons  Company  a  refiectlctti  Doppler 
system  was  developed  for  measuring  the  velocity  of  missiles,  specifically 
artillery  shell,  at  short  ranges.  This  was  a  strictly  passive  system  and 
had  inherently  many  of  the  problems  that  were  later  to  be  encoiuitered  in 
DOPLOC.  Another  trajectory  data  gathering  system  which  was  develoi)ed  and 
demonstrated,  but  which  has  never  been  used  extensively,  was  called 
SPHEREDOP.  In  addition  to  the  system  development  work,  BRL  had  devoted 
considerable  effort  to  the  development  of  special  narrow  band  tracking  fil¬ 
ters,  high  gain  radio  receivers  and  stable  oscillators  or  constant  frequency 
sources.  The  problem  of  receiving  low  energy  signals  in  the  presence  of 
high  noise  levels  had  been  studied  extensively.  Such  problems  as  attempting 
to  eliminate  the  effects  of  spin  and  attitude  change  from  the  DOVAP  data  had 
led  to  special  techniques  in  signal  reception. 

Within  a  few  hours  after  the  RusslEins  announced  the  launching  of  the 
first  Sputnik  satellite,  BRL  had  established  a  tracking  station  and  was 
supplying  data  to  other  Interested  agencies.  These  data  were  of  course  only 
active  data  from  the  satellite's  own  radio  transmitter.  However  narrow  band 
techniques  and  many  of  the  features  later  built  into  the  DOPLOC  system  were 
employed.  Thus,  when  ARPA  asked  for  a  satellite  tracking  facility,  BRL  had 
already  developed  a  considerable  competence  in  the  detection  of  low  energy 
signals  in  the  presence  of  noise. 

In  May  195S  BRL  proposed  to  establish,  in  co-operation  with  the  Naval 
Research  Laboratory,  a  satellite  detection  and  tracking  facility.  This 
total  facility  would  extend  across  the  southern  United  States  In  an  east 
to  west  direction  from  coast  to  coast  at  about  latitude  32*^  N.  The  Naval 


Research  Lahoratory  would  provide  sectlone  of  what  was  later  called  a  fence^ 
extending  from  the  east  coast  to  about  the  Mississippi  River,  and  from  the 
west  coast  eastward  to  near  White  Sands  Missile  Range,  Rew  Mexico.  BRL 
would  provide  the  center  section  extending  from  White  Sands  Missile  Range 
to  Memphis,  Tennessee.  This  proposal  was  approved  by  AREA  and  resulted  in 
AREA  Order  8-58  dated  20  June  1958*  This  order  directed  BRL  In  co-operation 
with  the  Mlnitrack  satellite  tracking  system  to  produce  the  capability  of 
detecting,  identifying  and  orbit  predicting  of  non- radiating  objects  in 
space.  The  only  specific  direction  contained  In  the  order  relative  to  the 
nature  of  the  facility  was  that  BRL  would  establish  a  Doppler  system  complex. 
The  method  of  reporting  to  AREA  and  an  indication  of  the  funding  to  be 
expected  were  contained  In  the  order. 

BRL  personnel  realized  that  no  facility  or  developed  technique  within 
the  United  States  existed  which  was  capable  of  meeting  the  proposed  perform¬ 
ance  specifications  suggested  by  the  Gentiy  committee.  Briefly  this  speci¬ 
fication  called  for  detecting  and  tracking  all  objects  having  effective 
reflection  cross  section  areas  greater  than  0.1  square  meter  to  altitudes 
of  2,000  miles.  The  plein  of  attack  was  therefore  to  establish  an  experi¬ 
mental  fewlllty  with  a  minimum  range  capability  and  to  establish  engineering 
studies  and  research  projects  as  required  to  develop  a  specification  for  a 
full  scale  DOELOC  system.  Following  this  plan  BRL  launched  a  crash  program 
to  Install  In  the  field  an  interim  facility  within  a  period  of  six  months 
beginning  approximately  1  July  1958 •  Immediate  action  was  taken  to  collect 
together  the  applicable  equipment  that  was  available  In  BRL  and  to  place 
orders  for  such  equipment  as  could  be  bought  directly  "off-the-shelf".  As 
fast  as  the  problems  could  be  analyzed  sufficiently  to  prepare  scopes  of 
work,  negotiations  were  started  toward  contracts  with  other  research 
facilities . 

B.  Interim  Experimental  Fence 

In  making  plans  for  the  Interim  fence,  the  choice  of  an  operating 
frequency  was  one  of  the  first  actions  required.  Since  108  me  was  avail¬ 
able  for  the  Mlnitrack  equipment  under  the  Geophysical  Year  Frogram,  and 
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alnee  a  quick  study  showed  tills  frequency  to  he  close  to  optimum,  and  with 
that  equlpoaent  alreac^  designed,  108  oc  was  chosen  for  the  Interim  fence. 
Theoretical  and  practical  considerations  leading  to  and  confirming  the 
wisdom  of  this  choice  of  frequency  were  summarized  at  scmie  length  In  section 
II  of  this  report. 

Another  early  problem  concerned  the  choice  of  station  sites.  The  upper 
end  of  White  Sands  Missile'  Range  and  Fort  Sill,  Oklahoma,  were  found  to  be 
close  to  the  desired  great  circle  path  and  about  the  proper  distance  apart 
to  cover  the  distance  between  WSMR  and  Memphis  with  one  transmitter  for 
Illumination  and  two  receivers  for  detectioa.  Since  land  and  many  other 
facilities  were  readily  available  cea  the  Government  owned  and  operated  facil¬ 
ities,  it  was  decided  to  use  WSMR  and  Fort  Sill  as  two  of  the  stations  and 
to  locate  a  third  near  Memphis,  Tennessee.  A  great  circle  from  WSMR  to  near 
Memphis  through  Fort  Sill  ran  through  Forrest  City,  Arkansas,  and  Just  south 
of  Mmnphls.  Since  most  of  the  land  Just  south  and  southwest  of  Memphis  is 
either  2ieavlly  populated  or  else  very  low  river  bottom  land  which  la  subject 
to  flooding,  the  Forrest  City  area  was  chosen  as  a  probable,  good  location 
for  one  receiving  station.  A  high  section  of  land  known  as  Crowly'a  Ridge 
runs  Just  east  of  Forrest  City,  Arkansas .  A  hilltop  one  mile  frcm  the  town 
proved  to  be  an  excellent  location.  It  was  close  to  power  and  water,  yet 
far  enough  f ran  developed  areas  and  traveled  roetds  to  be  quiet  from  the 
point  of  view  of  electromagnetic  noise.  The  radio  transmitter  station  was 
then  located  at  Fort  Sill  and  the  other  receiving  station  neeu:  Stallion 
Site  near  the  upper  end  of  WSMR.  As  it  turned  out,  the  Fort  Sill  and 
Forrest  City  site  choices  were  excellent.  The  White  Sands  Missile  Range 
site  left  much  to  be  desired.  This  location  was  too  Isolated,  being  twelve 
miles  from  Stallion  over  undeveloped  desert  trails.  Stallion  was  Itself 
55  miles  from  the  nearest  village  where  housing  could  be  obtained.  Although 
the  site  was  probably  quiet  in  so  far  as  man-made  electrical  interference 
was  concerned,  it  was  plagued  with  sand  storms,  sand  static  and  power 
failures.  Long  power  and  signal  lines  were  required  with  the  attendant 
line  failures,  Samd  leakage  in  the  building  also  caused  some  damage  to 
moving  equipment,  tape  recorders,  relays,  etc.  Sand  also  tended  to  foul 
up  the  cooling  system  and  prevent  proper  cooling  of  electronic  equipment. 

-  i  ^6 


As  a  research  station  and  a  quick  and  ready  place  to  try  out  ideas 
experimentally,  BRL  retained  and  improved  the  active  satellite  tracking 
station  at  Aberdeen  Proving  Gro\ind.  This  station  was  moved  from  a 
temporary  shack  to  a  permanent  type  building  located  on  Spesutie  Island. 

This  facility  has  proven  to  be  very  useful  both  to  BRL  personnel  working 
on  the  DOPLOC  system  and  to  the  missile  firing  agencies  working  at 
Wallops  Island  and  at  Cape  Canaveral.  Figure  4  is  a  rough  outline  of  the 
United  States  and  indicates  the  positions  of  the  DOPLOC  stations. 

The  design  of  the  station  buildings  and  antenna  fields  was  turned  over 
to  the  Little  Rock  Office  of  the  U.  S.  Army  Engineers.  Using  drawings  from 
Little  Rock,  the  Albuquerque  and  Tulsa  Offices  of  the  U.  S.  Army  Engineers 
contracted  for  and  supervised  the  construction  of  the  WSMR  and  Fort  Sill 
stations.  The  Little  Rock  Engineers  contracted  for  and  supervised  the 
construction  of  the  Forrest  City  station.  The  two  receiving  stations  were 
housed  in  prefabricated  metal  buildings.  These  buildings  were  24  x  100  feet 
single  story  structures,  set  on  concrete  slabs.  The  transmitter  occupied  a 
prefabricated  metal  building  which  was  20  x  80  feet,  also  on  a  concrete  slab. 

In  addition  a  20  x  12  foot  garage  building  of  sheet  metal  was  provided  for 
an  auxiliary  generator  at  the  transmitter  building.  Since  the  generator  was 
never  procured,  the  garage  was  utilized  for  a  storage  facility.  Figure  4a 
shows  an  exterior  view  of  the  transmitter  building. 

Since  it  was  contrary  to  BRL  policy  to  assume  routine  operational 
responsibility  for  a  project  such  as  the  fence,  the  Signal  Corps  was  requested 
to  plan  to  assume  responsibility  for  the  operational  phase  when  and  if  a 
suitable  installation  became  available.  In  addition  the  U.  S.  Army  Signal 
Engineering  Agency  was  requested  to  install  the  radio  transmitter  at  Fort  Sill. 
After  installation  by  USASEA  the  operational  phase  was  to  be  turned  over  to 
the  U.  S.  Army  Communications  Agency.  This  agency  assumed  control  of  the 
transmitter  station  and  fiirnlshed  a  station  supervisor  and  teletype  operators . 
At  the  receiving  stations  USACA  furnished  station  supervisors  and  teletype 
operators.  Since  the  equipment  at  the  stations  later  became  a  research  facil¬ 
ity,  USACA  withdrew  from  the  operation  when  it  became  apparent  that  no  routine 
operational  phase  would  develop.  Except  for  the  station  supervisors  and 
teletype  operators  the  stations  were  manned  by  Philco  Technical  Representa¬ 
tive  contract  employees. 
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FIGURE  4  LOCATION  OF  OOPLOC  TRACKING  STATIONS 


1.  Radio  Transmitter.  In  the  DOPLOC  satellite  detection  and  tracking 
system,  a  high  power  radio  transmitter  is  used  to  excite  a  narrow  team 
antenna  which  in  turn  lUiu&lnates  a  satellite  to  cause  radio  frequency 
energy  to  be  reflected  bcu:k  to  a  receiving  antenna.  To  meet  the  six  montih 
installation  period,  it  was  necessary  to  utilize  existing  equipment,  since 
the  lead  time  for  fabrication  of  Wiy  reasonably  high  power  transmitter  would 
exceed  six  months.  A  used  commercial  50-KW  transmitter,  manufactured  by 
Westlnghouse  Corporation  was  located  in  storage.  Since  it  had  been  built 
several  years  previously,  a  contract  was  arreunged  wl'Ui  the  Gates  Radio  Corpo¬ 
ration  to  remove  the  f.ra.  modulation  equipment  and  to  completely  refurbish 
the  transmitter.  Since  the  DOPL(X  system  requires  a  very  stable  frequency 
source  for  determining  the  transmitter  frequency,  the  originsd  frequency 
•  standard  or  oscillator  and  tlie  low  power  frequency  multiplier  and  aaq>llfler 
stages  were  replaced  with  a  high  stability  frequency  standard,  phase  stable 
multiplier  eind  low  power  ampllfiersi  This  exciter  equipment  was  engineered 
and  fabricated  by  the  U.  S.  Army  Signal  Engineering  Laboratory,  Port  Monmouth, 
New  Jersey. 

Since  the  frequency  standard  which  served  as  the  basic  frequency  source 

Q 

for  the  trauismitter  had  an  instability  of  one  part  in  10  or  less  over  a 
period  of  thirty  minutes  to  one  day,  a  precise  n^thod  of  frequency  measure¬ 
ment  and  monitoring  was  required.  The  frequency  measuring  equipment  at  the 
transmitter  station  consisted  of  a  second  precision  frequency  standard,  the 
radio  receiving  and  frequency  comparison  equlpn«nt  required  to  compare  the 
standard's  frequency  with  that  of  the  National  Bureau  of  Standard^'  standard 
frequency  transmissions,  a  time  code  generator,  a  real-time  counter  and  a 
ten-megacycle-per- second  counter.  Flg\n:e  5  is  a  block  diagram  of  the  trans¬ 
mitter  and  frequency  measuring  system.  Figure  6  is  a  photograph  of  this 
equipment.  Figure  7  and  Figure  8  are  two  views  of  the  transmitter  instal¬ 
lation. 

The  code  generator  and  real-time  counter  served  as  an  electronic  clock 
indicating  hours,  minutes  and  seconds  in  digital  form  with  the  accuracy  of 
the  basic  frequency  standard.  Using  code  pulses  and  a  calibrated  oscillo¬ 
graphic  sweep,  the  time  counter  was  synchronized  with  WWV  signals  to  plus 
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FIGURE  5  DOPLOC  SYSTEM  50  KW  RADIO  TRANSMITTER 
AND  FREQUENCY  MEASURING  EQUIPMENT 


Figure  6  Photograph  of  Frequency  Generating  and  Measuring  Equipment 
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Figure  7  View  of  Front  of  50  KW  Transmitter 
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or  minus  on*  miUlMcanil.  Thltf  counter's  output  wss  printed  out  on  tbe 
first  six  wheels  of  a  Hewlett-Packard,  model  ;6-A  digital  printer  once 
each  second,  or  oftener,  at  the  choice  of  the  operator. 

The  output  of  the  frequency  standard,  oallhrated  with  WWV,  served 
as  a  tine  hase  for  the  ten-eegacycle-^r- second  counter,  H.P.  model 
An  r.f .  ^obe  from  the  output  amplifier  of  the  transmitter  supplied  s 
lOS-Bc  signal  which  was  fsd  to  this  cycle  counter  to  obtain  a  frequency 
'aeasureneht.  The  output  of  the  first  five  digits  of  the  cycle  counter  was 
fed  to  the  remaining  five  digit  wheels  of  the  printer  where  it  was  printed 
out  on  ccmmand  by  control  pulses  from  the  time  code  generator.  Thus,  the 
printed  record  contained  the  transmitter  frequency  to  an  accuracy  of  plus 
or  minus  one  cycle,  with  real  time  data,  at  intervals  as  small  as  one 
second.  A  hair-diQ)lex,  leaeed,  cammerclal  teletype  line  connected  the  trans¬ 
mitting  station  to  all  the  receiving  stations  and  to  the  ccmputatlon  center 
at  the  Beu-i-istlc  Research  laboratories,  allowing  eltiaer  manual  or  tape  trans¬ 
mission  of  the  transmitter  frequency  data. 

The  output  of  the  transmitter  was  fed  to  a  system  of  motor  driven, 
remotely  controlled,  coaxial  cable  switches  which  provided  for  switching 
the  transmitter  power  to  any  of  the  three  high  gain  antennas.  The  antennas 
were  located  200  feet  from  the  transmitter  and  fed  through  6  l/8"  diameter 
coeuclal  cable.  Each  antenna  radiated  a  fan  shaped  beam  having  a  solid  angle 
coverage  of  76  x  8  degrees.  .Orientation  of  the  antennas  Is  shown  in  Figure  9* 
The  beam  from  tbe  center  antenna  was  directed  vertically  with  its  78-degree 
dimension  In  the  east-west  direction.  The  center  of  the  north  antenna  beam 
was  rotated  to  20  degrees  above  the  horizon  with  the  76-degree  dimension  In 
the  north-east  to  north-west  sector,  while  the  south  antenna  was  similarly 
inclined  to  the  south. 

This  arrangement  was  designed  to  permit  acquisition  and  tracking  of  a 
satellite  soon  after  It  appeared  above  the  horizon,  and  then  switching  to 
the  other  two  aatennas  In  succession  for  tracking  through  their  respective 
beams  to  obtain  three  segments  of  the  typical  Doppler  "S"  curve.  Tilting 
6uid  rotational  adjustments  were  provided  In  both  the  transmitting  and 
receiving  antennas  to  provide  for  aligning  the  beams  to .view  and  Illuminate 
the  same  space. 
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Figure  9  Orientation  of  Transmitting  Antennas 


In  order  to  provide  complete  test  facilities  and  also  to  get  the 
transmitter  into  operation  as  soon  as  possible,  a  single  dipole  antenna 
was  mounted  over  a  concrete  service  pit  on  a  copper  sheet  ground  plane. 

This  antenna  was  used  for  a  few  weeks  before  the  high  gain  antennas  were 
delivered.  However,  it  had  limited  power  handling  capacity  of  about  25  KW 
because  of  an  improperly  designed  section.  The  dipole  was  never  used  after 
the  high  gain  antennas  became  available.  Extra  precaution  was  taken  to 
provide  eui  adeqmte  ground  plane  system  and  good  earth  grounds  in  both  the 
transmitter  building  and  the  antenna  field.  A  special  duct  and  blower 
system  was  provided  to  cool  the  transmitter  in  simmer  and  to  conserve  some 
of  the  transmitter  heat  to  heat  the  building  in  winter. 

2,  DOPLOC  Receiving  Station  Interim  -  Radio  Frequency  Circuits.  When 
the  interim  DOPLOC  fence  equipment  was  being  planned,  radio  receivers  which 
operated  directly  at  108  me  were  not  immediately  available.  A  system  of 
preamplifiers  and  converters  was  therefore  used  to  reduce  the  frequency  to 
the  tuning  range  of  a  standard  type  R-590A  radio  receiver.  A  BRL  built 
preamplifier  operating  at  108  me  was  connected  between  the  antennas  and 
a  Tapetone  Model  TC-IO8  converter.  Early  in  the  program  transistorized, 
stabilized,  crystal  oscillators  were  used  at  6l.2  me  and  the  frequency 
doubled  to  122.4  me  to  convert  to  14.4  me  at  the  input  to  the  R-59OA  receiver. 
Another  standard  frequency  source  was  used  for  the  conversion  frequency  in 
the  receiver.  The  frequency  biased  Doppler  signal  was  then  fed  to  the 
tracking  filter  and  to  the  magnetic  tape  recorder.  Later  in  the  program, 

Borg  frequency  standards  became  available  as  frequency  sources .  Rohde  and 
Schwarz  frequency  synthesizers  and  decade  frequency  multipliers  became  . 
available  for  conversion  purposes .  These  were  very  convenient  since  any 
frequency  over  extremely  wide  ranges  could  be  obtained  to  an  accuracy  of 
1  cycle  per  second  and  an  instability  of  less  than  one  part  in  10^. 

Figure  10  is  a  basic  block  diagram  of  the  r.  f .  section  used  in  the  interim 
DOPLOC  station.  A  108-mc  crystal- controlled  signal  generator  was  loosely 
coupled  to  the  antenna  or  connected  to  a  dipole  antenna  for  a  built-in 
sensitivity  calibration - 
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FIGURE  10  BLOCK  DIAGRAM  OF  R.F.  SECTION  IN  OOPLOC  STATION 

PASSIVE  TRACKING  AT  108  MC 
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Flgur*  11  shows  a  block  diagram  of  tbs  eq,ulpBisnt  vised  for  active 
tracking^  (Radiating  satellites ).  Four  channels  of  receiving  equipment 
were  available  in  each  station.  One  channel  could  work  directly  Into 
the  encoders  and  teletype  equipment  thence  back  to  the  confuting 
laboratory.  Other  records  which  occurred  during  record  transmission 
were  magnetically  recorded  and  transmitted  sequentially.  Each  receiving 
station  v&B  also  provided  with  receiving  equipment  capable  of  receiving 
from  active  satellites  over  a  wide  range  of  frequencies,  actually  from 
20  me  to  960  me.  In  general  Just  one  channel  of  equipment  was  available 
at  these  special  frequencies.  ERL  Report  No.  1125  entitled  "DOPLOC 
Instrumentation  System  for  Satellite  Tracking"  by  C.  L.  Adams  describes 
In  detail  the  mechanics  of  the  Instrumentation. 

For  extending  the  frequency  range  from  55  to  9OO  me,  a  Nems-Clarke 
radio  reciever  and  a  range  extension  unit,  model  REU-500-B  were  used. 

5.  Automatic  Search  and  Lock- on.  One  of  the  most  Ingenious  develop¬ 
ments  of  the  DOPLOC  system  was  an  automatic  signal  search  and  lock-on 
device  which  automatically  placed  the  tracking  filter  on  any  signal 
occurring  within  the  search  range  of  the  equipment.  The  energy  reflected 
from  a  satellite  Is  weak  and  usually  Imbedded  In  noise.  For  a  passive 
system  to  perform  defense  surveillance  requires  24-hour-a-day  operation 
with  maximum  detection  sensitivity  and  the  shortest  possible  reaction 
time.  Manual  searching  requiring  constant  operator  attention  would  cause 
excessive  operator  fatigue  and  greatly  reduce  the  detection  capability  of 
the  system.  The  short  duration  and  low  signal  strength  of  the  signals 
would  limit  the  operation  of  the  tracking  filters.  Signals  far  down  in 
the  noise  would  require  excessive  time  to  identify  and  lock  on  manually. 
Therefore  an  automatic  search  and  lock- on  system  was  found  to  be  necessEiry. 
The  automatic  lock- on  (ALO)  described  below  overcame  the  limitations  of 
manual  operation  and  provided  a  fully  automatic  search  facility.  The 
following  basic  requirements  were  established  for  the  ALO: 

a.  The  chosen  audio  frequency  band,  in  this  case  12  kc  must  be 
searched  in  a  minimum  time. 
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FIGURE  11  BLOCK  DIAGRAM  OF  R.F  SECTION  FOR  ACTIVE  TRACKING 

( 2  CHANNELS  OF  4  AVAILABLE  AT  APS.  MD.  ) 
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b.  The  syeten  must  be  capable  of  finding  the  smallest  theoretical 
signal  determined  by  the  seeurch  bandwidth. 

c.  The  time  (known  as  acquisition  time)  required  to  recognize  and 
use  the  signal  that  is  present  in  noise  must  be  held  to  a  minimum. 

d.  The  system  must  position  the  tracking  filter  oscillator  to  the 
desired  frequency  and  plMe  the  filter  in  a  lock  condition. 

A  block  diagram  of  the  ALO  system  is  shown  in  Figure  12. 

To  meet  the  requirements  of  minimum  search  time,  ten  filters  of  fixed 
bandwidth  were  placed  in  the  desired  audio  frequency  band  and  the  signal, 
frequency  swept  across  the  filters.  The  ten  fixed  filters  were  each  spaced 
100  cycles  per  second  apart  to  cover  a  one-kc  band,  compatible  with  tracking 
filter  bandwidth  characteristics.  These  filters  were  then  switched  twelve 
times  to  cover  the  full  12-kc  band.  The  rate  of  switching  determined  the 
time  available  to  find  a  signal  as  well  as  the  total  sweep  time.  Three 
switching  rates  were  used,  2,5>  5  and  10  cps.  When  the  10  cycles  per 
second  rate  was  used,  the  time  for  each  l->kc  band  was  100  milliseconds  and 
for  the  whole  band  1.2  seconds.  The  mixing  and  switching  techniques  employed 
in  the  ALO  removed  the  reqxilrement  for  120  Individual  oscillators  or  ten 
switchable  oscillators  normally  needed  for  coverage  at  100-cps  bandwidth  from 
2  to  ih  kc. 

Each  filter  consisted  of  a  mixer  (which  had  the  output  of  an  oscillator 
for  one  input  and  the  input  signal  plus  noise  for  the  other),  a  low  pass 
filter  and  a  control  relay.  The  low  pass  filters  were  vetrlable  in  fixed 
steps  from  0.5  to  50  cps.  The  part  of  the  frequency  spectrum  viewed  by  each 
filter  was  the  oscillator  frequency  plus  or  minus  the  bandwidth  of  the  low- 
pass  filter.  Shifting  the  oscillator  frequency  allowed  switching  of  the 
filter  to  cover  another  frequency  band.  The  oscillators  were  placed  100  cps 
apart  and  covered  a  1-kc  band.  The  oscillator  frequencies  were  switched  in 
groups  of  ten  from  two  to  three  kc,  three  to  four  kc  and  so  on  to  15  to  lit  kc. 
Serial-  pulses  necessary  for  gating  and  switching  were  derived  from  a  counter 
with  a  count  cycle  of  12.  A  frequency  generator  chassis  using  1  kc  and 
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100  cps  inputs,  obtained  from  the  stations  timing  system,  provided  the 
multiplication  and  mixing  to  produce  10  simultaneous  output  f req^uencies . 

Each  pulse  from  the  counter  changed  the  signals  being  mixed  and  shifted 
the  range  by  1  kc.  If  a  signal  was  present  in  the  noise  in  the  frequency 
range  from  2  to  l4  kc,  of  sufficient  amplitude,  and  within  the  bandwidth 
of  one  of  the  oscillators,  it  activated  one  of  the  filters. 

After  the  presence  and  the  frequency  of  a  signal  was  indicated  by  the 
ALO,  the  phase- lock  tracking  filter  had  to  be  correctly  positioned.  In 
the  track  position,  an  internal  oscillator  was  locked  to  the  input  signal 
by  the  use  of  a  feed  back  loop.  The  automatic  lock-on  circuits  used  an 
external  loop  around  the  tracking  filter  in  the  set  position  to  lock  the 
oscillator  near  the  input  signal.  The  fixed  filter,  upon  receiving  a 
signal,  closed  its  control  relay  with  one  set  of  its  contacts,  putting  the 
oscillator  frequency  of  the  fixed  filter  into  a  circuit  termed  the  "set 
frequency"  control.  This  circuit  was  part  of  the  external  loop  and  compared 
the  fixed  filter  oscillator  frequency  with  the  tracking  filter  oscillator 
frequency  and  generated  an  error  voltage  which  was  applied  to  the  tracking 
filter  and  controlled  its  oscillator  to  produce  a  phase- lock  between  the 
two  oscillators. 

In  the  automatic  system,  the  "set  track"  switch  in  a  standard  tracking 
filter  was  replaced  by  a  rotary  solenoid.  At  the  time  the  fixed  filter 
oscillator  was  applied  to  the  "set  frequency"  control,  voltage  was  also 
applied  to  the  solenoid.  The  tracking  filter  was  positioned  to  the  correct 
frequency  before  the  solenoid  moved  to  the  track  position.  In  the 'track 
position,  the  tracking  filter  loop  was  closed  and  a  phase  lock  was  obtained 
between  . the  internal  oscillator  and  the  true  input  signal. 

h.  The  Phase-lock  Tracking  Filter.  The  phase-lock  tracking  filter 
used  in  the  In'terlm  DOPLOC  system  was  the  Model  IV  as  supplied  by  the 
Interstate  Electronics  Corporation,  Anaheim,  California.  This  tracking 
filter  was  the  result  of  several  BRL  developmental  contracts  starting  with 
■the  development  of  PARDOP  by  the  Ralph  M.  Parsons  Company,  Pasadena, 
California.  It  was  an  electronic  bandpass  filter  whose  center  frequency 
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was  made  to  track  automatically  the  frequency  of  the  input  signal.  This 
was  accomplished  with  a  very  tight,  phase-locked,  servO'- controlled  circuit. 

A  very  large  signal- to-noise  Improvement  was  ohtained  hy  the  use  of  an 
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Figure  13  is  a  block  diagram  of  the  tracking  filter  system  with  the  basic 
closed  loop  system  shown  in  heavy  lines. 

The  input  Doppler  signal  was  fed  to  the  input  mixer  where  it  was 
subtracted  from  the  VCO  output  frequency  to  result  In  a  25-kc  signal.  This 
was  amplified  in  a  tuned  l.f,  stage  of  about  250- cps  bandwidth.  The  ampli¬ 
fied  signal  was  then  fed  to  the  main  phase  detector  where  It  was  compared 
in  phase  with  the  output  of  a  25-kc  fixed  frequency  crystal  oscillator. 
Utilizing  a  cross-correlation  type  detector  and  equalizer  network,  the  oscil¬ 
lator  was  controlled  to  follow  the  variations  of  frequency  and  phase  of  the 
Input  signeil.  This  techniq;^  allowed  smooth  tracking  and  extrapolation  of 
the  output  phase  in  the  event  of  short  periods  of  signal  drop-out  by  including 
an  effective  acceleration  memory.  Noise  pulses  or  other  signal  interruptions 
could  result  in  the  loss  of  signals  for  a  short  time  during  tracking  missions. 
aSie  memory  feature  allowed  the  filter  to  operate  through  these  intervals  with¬ 
out  losing  lock  or  introducing  errors  in  the  data.  Output  signals  from  the 
voltage  controlled  oscillator  were  translated  down  to  the  audio  frequency 
range  in  the  output  mixer.  In  the  model  IV  filter,  this  range  was  100  cps 
to  20  kc.  The  output  Doppler  signal  from  the  mixer  was  In  phase  with  the 
input  Doppler  signal  to  the  tracking  filter  because  the  inherent  90°  phase 
shift  in  the  basic  tracking  loop  was  compensated  for  by  the  phase-shift  net¬ 
works  in  the  crystal  oscillator  circuit.  The  output  mixer  fed  an  output 
a.c.  amplifier  through  a  low  pass  filter  which  removed  modulation  products 
at  the  output  terminals. 

In  addition  to  the  main  tracking  phase-lock  loop,  a  closed  loop  auto¬ 
matic  gain  control  (A.G.C.)  section  was  built  Into  the  filter.  This  included 
^  axcclliary  phase  detector,  d.c.  reference  signal,  d.c.  amplifier  and  i.f. 
amplifier.  The  measured  amplitude  of  the  auxiliary  phase  detector  was  sub¬ 
tracted  from  the  d.c.  reference  signal  and  any  difference  was  amplified  and 
applied  as  bias  to  the  l.f.  amplifier. 


In  addition  to  the  desired  filtered  Doppler  signal,  other  outputs  vere 
made  available  both  to  front  panel  indicating  meters  and  to  output  terminals. 
These  were  the  correlation  output,  the  main  phase  detector  output  and  the 
analog  frequency  output.  Two  factors  which  were  In^ortant  In  the  operation 
and  application  of  the  tracking  filter  were  'signal- to- noise  ratio  and  sl^l 
dynamics . 

The  signal- to-noise  ratio  improvement  by  the  tracking  filter  was  that 

of  the  ratio  of  input  noise  bandwidth  to  filter  bandwidth.  Line  A  of  Figure 

l4  shows  the  relation  of  the  Input  noise- to- signal  (n/S)  ratio  in  db  to  the 

bandwidth  for  which  the  output  S/U  will  be  unity,  whdn  the  input  bandwidth 

is  10  kc.  The  input  W/S  condition  was  conveniently  expressed  in  terms  of 

ratios  in  db  above  unity  N/S  since  input  s/h  ratios  So  much  smaller  than  one 

are  ordinarily  used.  Figure  14  also  shows  the  measured  maximum  input  N/S  to 

maintain  lock- on  for  filter  bandwidth  settings  between  0.5  and  50  cps. 

Tests  indicated  the  capability  of  the  tracking  filter  to  lock  on  to  a  signal 

which  is  buried  in  nbise  6300  to  1  (38db)  when  the  noise  input  bandwidth 

was  l6  kc  and  the  filter  bandwidth  was  one  cycle  per  second.  For  a  receiver 

with  a  3-db  noise  figure,  the  38-db  value  is  equivalent  to  an  input  power 
-20 

of  2  X  10  watts.  In  terras  of  receiver  performance  with  commonly  used 
\anlts,  this  is  a  sensitivity  of  -197  dbw  or  0.001  microvolts  across  50  ohms. 
This  gives  a  4-db  output  S/n,  corresponding  to  about  36  or  6.1  cycle  per 
second  rms  phase  Jitter. 

The  rate  of  change  of  received  signal  frequency  due  to  radial  components 
of  velocity,  acceleration  and  rate  of  change  of  acceleration  defines  the 
signal  dynamics.  For  optimum  Information  reception,  the  proper  bandwidth 
can  be  selected  to  match  the  signal  dynamics  as  well  as  the  S/N  ratio  of  the 
signal  received.  Figure  15  shows  iAie  relation  of  the  tracking  filter  band¬ 
width  to  the  maximum  rate  of  frequency  change  and  to  the  equivalent  acceler¬ 
ation  in  g*B.  Additional  technical  specifications  for  the  tracking  filter 
are  contained  in  KtL  Report  No.  1123.  Figure  l6  is  a  photograph  of  the  front' 
panel  of  the  tracking  filter. 
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Timing.  Any  system  of  satellite  tracking  is  dependent  upon 
haying  hoth  a  universal  time  standard  and  a  local  time  or  frequency 
standard.  For  the  DOPIvOC  Interim  system  the  National  Bureau  of  Standards 
standard  frequency  emissions  constituted  the  standard  of  time.  Local 
oscillators  of  the  stahilized  quartz  frequency  controlled  type  served  as 
the  ioeai  so\irce  of  frequency. 

The  local  oscillator  or  frequency  standard  in  each  station  was  a  type 
0-471  manufactured  hy  the  Borg  Corporation.  It  had  outputs  of  100,000  and 
1,000,000  cps.  This  equipment  was  temperat\ire  controlled  and  kept  in 
constant  operation.  The  basic  crystal  frequency  was  actually  five  mega¬ 
cycles  per  second.  Stand-by  batteries  were  built  into  the  oscillator 
cabinet  and  served  to  supply  power  over  brief,  periods  of  power  maJins  failure. 
Figure  17  is  a  block  diagram  of  the  radio  frequency  oscillator,  0-47l(XK-l)/u. 

Figures  l8  a  and  b  are  photographs  of  the  frequency  standard.  This  standard  1 

9 

provided  a  frequency  which  had  an  Instability  of  less  than  1  part  in  10  over 
periods  of  50  seconds  to  1  day. 

Various  frequencies  are  derived  from  the  Borg  oscillator  100  KC/s 
output  by  dlviiter  and  multiplier  circuits.  One  type  of  divider  circuit  is 
a  commercially  available  Time  Code  Generator,  Model  ZA1955  manvifactured  by 
Electronic  Engineering  Company. 

This  circuit  served  a  dual  purpose.  It  produced  outputs  of  10  kc,  1  kc, 
one  per  second  pulses,-  one  per  minute  pulses  and  one  per  10  minute  pulses. 

In  addition  to  these  outputs  the  unit  generated  a  time  code  suitable  for 
recording  on  magnetic  tape,  and  displayed  this  code  on  front  panel  decimal 
indicators  In  Increments  of  hours,  minutes  eind  seconds.  These  decimal 
indicators,  appearing  as  two  vertical  columns  for  each  unit  of  time,  changed 
as  the  code  was  generated,  and  the  visual  display  could  be  pre-set  to  any 
desired  time  in  a  24-hour  period,  allowing  the  coded  time  to  correspond  with 
the  time  of  day.  In  most  operations  it  was  convenient  to  set  the  clock  type 
indicators  to  Greenwich  Mean  Time.  Figure  19  is  a  block  diagram  of  the 
DOPLOC  timing  system. 

•  •  r. . . 
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Figure  18b  Internal  View  of  Frequency  Standard 


»«v 

•ecetvcM 


Harmonics  of  100  kc  and  one  per  seccmd  pulse  output  were  used  to 
aynidiraQise  the  time  output  vith  signals  received  from  the  National  Bureau 
of  Standards  station  WWV*  Provision  vas  made  on  the  rear  of  the  time  code 
generator  chassis  to  couple  loosely  the  harmonics  of  the  basic  100>kc 
frequency  to  the  antenna  of  a  WWV  receiver  such  as  Specific  Products  Com¬ 
pany's  type  WWVC.  This  receiver  .provided  several  hands  for  reception  of 
WV  time  signals.  In  this  locality  ^  me  provided  the  best  signal.  Repeated 

tests  conducted  over  a  24  hour  period  Indicated  that  the  InataMlity  In 

8 

the  basic  100- kc  frequency  vas  approximately  2  parts  In  10  . 

Since  the  one-per- second  output  from  the  time  code  generator  could  be 
shifted  in  small  time  Increments^  this  signal  could  be  accurately  synchro- 
nlaed  with  the  one  per  second  tone  bursts  from  WWV.  This  WWV  signal  was 
displayed  on  the  vertical  axis  of  a  monitor  scope  whose  horizontal  sweep 
was  triggered  from  the  station-generated  one-per- second  pulse.  Proper  manip¬ 
ulation  of  either  the  "Advance"  or  "Retard"  button  enabled  the  operator  to 
establish  coincidence  of  the  start  of  the  tone  burst  with  the  start  of  the  . 
scope  sweep  to  an  accuracy  of  one  millisecond.  Sychronlzatlon  of  the 
statlonis.  timing  system  occurred  at  least  once  each  day  and  was  always 
checked  Just  prior  to  each  tracking  operation.  Clock  time  of  day  was 
encoded  on  the  basis  of  a  24-hour  clock  vith  six  code  groups  necessary  to 
display  a  24-hour  Interval.  The  code  was  generated  In  a  4-2-2-1  binary 
coded  decimal  form,  with  each  time  Indication  Identified  by  a  20-dlglt  code. 
The  output  was  a  100- cycle  carrier,  modulated  at  a  25-pulse-per- second  rate, 
upon  which  a  1000-cycle  signal  was  superimposed.  Althovigh  not  used  for 
search  purposes,  the  code  was  suitable  for  magnetic  tape  search. 

Figure  20  Indicates  how  the  outputs  derived  from  the  time  code  gener¬ 
ator  circuit  were  distributed  via  switch  circuits  and  cathode  followers  to 
the  various  timing  and  control  circuits  required  In  the  system.  Standard 
pulse  shapers  and  Inverters  produced  the  desired  polarity,  duration,  and 
amplitude  of  signals  for  the  timing  applications. 
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ngure  20  Block  Diagram  of  DOPLOC  Timing  System 


o 


i 


Timing  aarkB  were  produced  on  oie  of  the  strip-chart  record  on 
both  the  Varian  and  Sanborn  recorders  at  the  rates  of  one  per  second  and 
one  per  minute.  In  addition,  one-per-ten  second  markers  could  be  super- 
Inqposed  directly  on  the  data  tz^acp  of  the  Varian  recorder.  The  1000-cycle 
output  of  the  time  code  generator  vas  used  to  produce  calibration  frequen¬ 
cies  in  3  kc  stie^e  over  the  range  of  3  to  15  kc  for  calibrating  the  Varian 
recorders . 

By  front  panel  awitchlng  for  each  of  four  recording  channels,  a  print¬ 
out  selector  circuit  allowed  proper  data  and  timing  inputs  to  be  switched 
to  the  pre-set  and  display  counters  for  either  period  or  frequency  measure¬ 
ments.  A  low  frequency  pulse  generator  operating  frcan  the  one-per- second 
input  also  allowed  switching  the  print  rate  of  the  digital  recorders  from 
one-per-second  to  once  per  2,  4,  8  or  10  seconds. 

The  digital  clock  and  the  real  time  counters  were  driven  from  the 
basic  one-per-second  pulse  derived  from  the  time  code  generator.  The  real 
time  counters  operated  in  a  manner  similar  to  that  of  the  decade  counters 
in  the  time  code  generator  described  above.  Time  was  advanced  in  one-per- 
second  Increments  and  displayed  in  hours,  minutes  and  seconds,  with  the  . 
outputs  being  a  discrete  voltage  level  for  each  digit  displayed.  A  Hewlett 
Packard  type  560A  digital  printer  was  used  to  print  out  this  information. 

The  digital  clock  also  advanced  in  one-second  increments,  and  time  vas 
displayed  in  hours,  minutes  and  seconds  with  the  output  in  the  form  of 
contact  relay  closures  for  each  digit  indication.  Modification  of  the 
56QA  digital  printer  was  necessary  before  it  would  accept  these  data.  The 
data  digitizing  also  required  time  indications  and  these  were  produced  in 
a  binary  time  code  generator  by  counting  the  one-per-second  time  pulses  in 
a  straight  binary  form  and  displaying  the  output  with  front  panel  Indicators 
Command  pulses,  generated  external  to  the  data  digitizer  and  synchronized 
to  the  time  piilses,  shifted  the  time  data  out  of  the  code  generator  into  > 
the  data  digitizer  for  read-out. 


77 


A  tape  recorder  tlae  control  circuit  was  used  to  begin  time  pulse 
recording  at  a  one- per- second  rate  to  the  nearest  ten- second  real  time 
Indication.  IMS  time  was  manually  recorded  and  served  as  a  known  start 
time  for  setting  up  Indication!  for  play-back  of  tape  reccuded  data.  The 
recorded  one -per- second  pulses  were  then  used  as  the  timing  source  for  all 
play-back  requirements.  < 

6.  Data  Recording  Equipment.  The  basic  D<^pler  infonnation,  available  . 
at  the  output  of  the  phase- looked  tracking  filter,  was  a  constant  amplitude, 
varying  frequency  sine  wave.  Other  data  available  from  the  filter  were  the 
correlation  slgnsl,  the  phase  error  output,  analog  frequency  in  terms  of  a 
d.c.  voltage  and  the  automatic  gain  control  voltage.  Recording  was  accom¬ 
plished  In  both  analog  and  digital  fozmi  utilizing  magnetic  tape  recorderB> 
atrip  chart  recorders,  digital  printers  and  paper  tape  punches*  Figure  21 
is  a  block  diagram  of  the  recording  section  used  In  the  DOPLOC  receiving 
stations.  Each  type  of  recording  Is  briefly  described  in  the  following: 

a.  Digital  Print  Out.  Pi^-set  counters  emd  display  counters  provided 
readings  of  either  period  or  frequency  of  the  tracking  signal  from  the  out¬ 
put  of  the  tracking  filter.  The  type  of  recording  utilized,  period  or 
frequency,  was  determined  by  the  required  accuracy  of  a  Specific  tracking 
operation.  When  freq\»ncy  output  was  desired,  a  known  number  of  cycles  of 
the  external  timing  frequency  obtained  from  the  precision  frequency  standard, 
was  counted  by  a  pre-set  counter  after  proper  setting  of  the  multiplier  dials. 
A  start  pvilse  derived  at  the  beginning  of  this  count  and  a  stop  pulse  derived 
at  the  end  of  the  count,  were  used  as  gate  ccaitrols  for  a  second  counter 
called  the  display  counter.  The  signal  of  unknown  frequency  was  fed  to  the 
gate  of  the  display  counter,  where  it  was  gated  by  the  control  gate  pulses, 
to  the  counter  decades  for  counting  €ind  displaying.  For  example  if  a  lO-kc 
time  base  was  used  euid  the  multiplier  dials  of  the  pre-set  counter  were  set 
to  read  10,000  then  the  gate  would  be  open  for  one  second,  and  a  5-kc  fre- 
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quency  would  be  directly  read  out  as  the  number  5000. 

<  -i  t 

When  period  output  was  desired,  the  signal  frequency  was  fed  to  the 
input  of  the  pre-set  counter,  and  the  multiplier  dials  were  set  to  count 
the  desired  number  of  cycles  of  this  frequency.  The  dlspl^  counter  then 
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counted  the  timing  pulses  for  the  Interval  of  a  known  number  of  cycles  of 
the  signal  frequency  and  displayed  the  count.  For  example,  assuming  t^e 
Doppler  frequency  to  be  2  kc/s,  the  multiplier  dials  of  the  pre-set  counter 
might  be  set  to  1000  to  allow  the  display  counter  gate  to  be  open  for  one 
half  second.  If  the  timing  frequency  were  100  ke/s,  the  display  counter 
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thus  produced  a  period  measurement  which  is  the  inverse  of  the  previously 
described  frequency  SLeaswement. 


The  period  meas\rr«)ient  obviously  provided  the  highest  accuracy.  For 
Inqproved  accuracy  of  measurement  a  10-mc  counter  was  used  to  obtain  the 
period  co\int.  The  recorded  data  were  printed  out  on  the  Hewlett  Packard 
model  ^QA  printer.  This  printer  operated  with  counters  using  the  binary 
decimal  counting  system  and  produced  a  specific  voltage  level  for  each 
displayed  number.  TMs  voltage  level  was  fed  to  the  corresponding  digital 
place  In  the  printer  which  sensed  the  voltage  and  printed  the  number  dis¬ 
played  on  the  counter.  The  printer  accepted  data  entered  In  parallel  and 
all  columns  were  printed  simultaneously  on  command.  The  capacity  of  the 
printer  was  eleven  digital  places.  For  frequency,  or  lower  resolution 
period  measurements,  the  first  five  digits  were  used  for  the  Doppler  data, 
and  the  last  six  were  for  time  indication.  For  period  measurements  of 
higher  resolution,  using  the  10-mc  coiinter,  the  first  seven  digits  were 
used  for  the  Doppler  data,  and  the  remaining  four  frar  time  Indications. 


The  time  data  presented  to  the  appropriate  print  wheels  could  be  one 
of  two  kinds,  depending  on  the  circuitry  used  to  generate  than.  If  the 
data  were  generated  from  modified  counter  decades  with  a  specific  voltage 
level  produced  for  each  decimal  number  in  the  decade,  then  no  internal 
modification  of  the  printer  was  required.  However  this  required  a  separate 
real  time  counter  for  each  digital  printer  used.  If  several  channels  of 
data  were  being  printed,  the  equivalent  number  of  real  time  coxuiters 
required  became  cumbersome  and  difficult  to  synchronize  with  WWV  time 
signals . 

i 

The  second  kind  of  real  time  data  was  generated  from  a  digital  clock, 
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Chrono-log  model  2600-4,  the  output  of  which  was  in  relay  contact  closures, 
Modifications  to  the  digital  printer  were  required  for  those  positions  where 

8o 

— t 

f  -1  ' 

.  4  1 


f 


tine  was  recorded.  The  advantages  of  using  this  clock  were  the  ease  of 
setting  up  the  real  tine  Information  each  day,  the  ease  of  synchronization 
vith  WVfV  time  signals  and  the  fact  that  one  clock  could  drive  many  printers. 
All  of  the  printed  time  data  were  Identical  and  properly  correlated.  The 
disadvantage  was  the  modification  of  the  printer  to  accept  the  time  Infonna- 
tlon  from  the  digital  clock.  The  printer  became  a  hybrid  instrument  with 
part  of  the  print  wheels  operating  from  voltage  levels  and  part  frcm  contact 
closures.  Once  the  modification  had  been  made  the  reliability  and  ease  of 
operation  were  greatly  improved. 

b.  Strip  Chart  Recorders.  Two  types  of  strip  chart  recorders  were 
also  used  to  record  the  output  of  the  tracking  filter.  The  first  was  a 
single  channel  Varlan  recorder,  model  G-ll-A,  utilizing  a  five  inch  wide 
recording  paper.  Timing  marks  were  placed  on  the  edge  of  the  paper  by  an 
Independent  stylus  and  also  superimposed  on  the  data  stylus.  The  Doppler 
data  were  fed  to  an  Integrator  where  the  frequency  was  converted  to  a  d.c. 
voltage  signal.  Frequent  frequency  versus  deflection  calibrations  were 
made. 

The  automatic  gain  control  and  correlation  outputs  of  the  tracking 
filter  were  recorded  on  a  two-channel  Sanborn  model  152-lOOB,  normally  at 
1  mm  per  second  chart  speed.  Timing  marks  were  recorded  on  the  edge  of  the 
paper.  Calibrations  were  applied  after  a  satellite  pass. 

c.  Magnetic  Tape  Recording.  Since  provision  was  made  for  handling 
only  one  channel  of  data  through  the  real  time  encoder  for  transmission 
over  the  teletype  line  to  the  computer,  some  provision  had  to  be  made  for 
storing  the  data  from  the  other  three  channels.  Back  up  data  were  also 
desirable  In  case  of  other  equipment  failure  or  errors  in  data  trans¬ 
mission.  Therefore,  all  data  from  the  tracking  filters  were  recorded  on 
magnetic  tape.  An  Ampex  FR-114  fourteen- channel  recorder  utilizing  one- 
inch  tape  was  used  at  each  receiving  station.  Tape  speeds  from  1  7/8 
inches  per  second  to  60  inches  per  second  were  available.  On  most  tracking 
operations  tape  recordings  were  made  of  receiver  output,  tracking  filter 
output,  statl(Xi  timing  signals  and  UWV  time  signals.  Spare  channels  were 
then  available  for  recording  any  other  data  desired.  In  the  reproduce 
mode  four  channels  were  available  for  simultaneous  playback  of  any  four 

of  the  switch  selected  fourteen  channels  of  data. 
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An  Aapex  mo^el  FR-1100  magnetic  tape  recorder,  using  l/2"  tepe,  and 
recca:*ding  at  speeds  of  3  5/4  to  50  Inches  per  second  was  used  to  record 
the  binary  output  data  in  digital  form  at  tl»  output  of  the  serial  shift 
register. 

d.  Doppler  Data  Digitizer.  To  permit  rapid  data  handling  and  real 
time  transmission  back  to  the  ccmputer  it  was  necessary  to  digitize  and 
encode  the  Doppler  data  at  the  stations.  Two  basic  functions  of  the 
digitization  system  to  produce  in  binary  form  real  time  data  at  the 
beglnniixg  of  each  recorded  output  and  period  data  of  the  Doppler  signal. 

The  first  function  was  accomplished  by  the  binary  time  code  generator  at 
each  tracking  station  and  the  second  by  the  Doppler  Data  Digitizer  (DDD) 
for  each  recording  channel  in  the  station.  Standard  transistorized 
building  block  logic  was.  used  in  both  equipments.  The  DDD  was  built  to 

BRL  specifications  by  the  Hoover  Electronics  Compemy  of  Baltimore,  Maryland. 
This  equipment  is  described  in  detail  in  BRL  Report  No.  1125  by  C.  L.  Adams. 
Figure  22  is  a  block  diagram  of  a  single  channel  Doppler  Data  Digitizer. 
Figure  23  is  a  simplified  block  diagram  of  the  interim  DOPLOC  Data  handling 
System.  Figure  24  is  a  photograph  of  the  data  Digitizer.  The  digitizer 
operated  a  tape  punch  driver  which  In  turn  operated  a  Friden  paper  punch 
Model  2  to  produce  the  binary  data  in  the  proper  format. 

e.  Data  Format.  The  punched- paper- tape  type  of  output  data  were 
produced  in  straight  binary  form  because  of  the  input  requirement  of  the 
BRL  CRDVAC  computer  used  in  the  calculation  of  the  satellite  orbital 
PM-ameters.  Each  recording  channel  in  the  station  produced  data  in  stand¬ 
ard  five  level  teletype  tape  in  the  format  shown  in  Figure  25. 

A  ccBsplete  data  block,  or  word,  was  contained  in  seven  rows  of  the 
five-channel  tape  with  time  and  Doppler  data  in  six  rows  of  the  first 
three^jCha^els .  At  the  beginning  of  each  word,  in  parallel  with  the 
binary  data  in  row  one ,  a  block  or  time  marker  bit  was  produced  in  channel 
four.  This  occurred  at  a  one-per- second  rate  and  was  correlated  with  the 
digital  printer  readout  signal.  Itodlfication  in  the  digitizer  circuits 
was  made  to  allow  a  one-per-mlnute  bit  to  be  punched  in  row  two  of  channel 
four  to  further  correlate  timing  data.  An  end  of  word  marker,  acting  as 
a  .computer  control,  was  produced  in  all  five  channels  of  row  seven. 
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FIGURE  22  BLOCK  DIAGRAM  OF  SINGLE  CHANNEL  DOPPLER  DATA  DIGITIZER 
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SIMPLiFlEO  BIJ)CK  DIAGRAM  —  DOPLOC  SYSTEM  DATA  HANDLING. 
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Figure  24  Data  Digitizing  Equipment 
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Manual  operation  of  a  staxt  switch  at  the  console,  or  autoBiatic  sttu't 
switching  fran  the  automatic  lock- on  circuits  when  the  tracking  filter  locks 
on  a  received  signal^  began  the  tape  punching  Sequence.  The  first  data  word 
contained  universal  time  data  and  all  subsequent  blocks  contained  Doppler 
tota.  The  data  were  punched  In  parallel>  one  rov  at  a  time  at  a  rate  of  60 
milliseconds  per  rowi  After  each  end  of  row  marker  In  row  seven,  the  tape 
was  at  rest  for  aj^roaclmately  0,5  second  while  the  counting  process  in  the 
digitiser  took  place.  The  one-per- second  timing  signal  triggered  the  readout 
syst^  end  the  Count  just  accumulated  was  pxmched  out. 

f .  Data  TibansmlsSlbh.  A  very  important  part  of  any  satellite  traicklng 
net  is  the  data  tVahSmlsSlon  equipment.  If  data  are  to  be  transmitted  In 
real  time  and  orbits  computed  In  minutes  after  a  satellite  pass^  the  trahs- 
mlssioh  system  must  be  ireasonably  fast>  accurate  and  dependable  i  In 
designing  ibe  DOPIXXJ  interim  equipment  It  was  determined  that  satisfactory 
transmission  could  be  obtained  using  a  60-word-per-mlnute  commercial  tele¬ 
graph  channel)  If  connected  to  terminal  equipment  that  contained  a  system 
of  parity  checking  of  transmitted  data.  A  commercial  paper  tape  transmitter 
receiver  called  Teledata,  manufactured  by  Frlden,  Incorporated,  was  chosen. 
The  model  7-B  Teledata  shown  in  Figure  26  was  used  with  five  channel  tape 
and  consisted  of  a  reader-punch  chassis  and  a  transmitter  receiver  chassis. 
One  Teledata  unit  was  required  at  each  field  station  location  and  one  for 
each  station's  output  at  the  computer  location,  connected  by  a  full  duplex 
telegraph  line.  This  type  of  connection  allowed  simultaneous  transmission 
In  both  directions. 

Any  type  of  five  bit  code  read  from  the  transmitting  tape  wets  trans¬ 
mitted  as  a  seven  bit  code  by  adding  a  red\mdant  bit  tO  each  of  two  groups 
of  the  five  tape  code  bits  to  form  two  parity  groups,  one  group  containing 
four  bits  and  the  other  group  containing  thz^  bits.  The  sequential  trans¬ 
mission  cycle  was  so  arranged  that  bits  were  sent  alternately  from  the  two 
parity  groups.  The  received  code  was  checked  for  accuracy  In  the  tape 
punch  section  by  Independently  checking  of  each  group  of  bits.  Operation 
of  an  even  number  of  punch  pins  in  either  group  was  registered  as  an  error. 
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Figure  26  Triedata  Transmitter  -  Receiver  Unit 


The  pins  associated  with  the  redundant  hits  do  not  punch  the  tape  so  that 
the  received  tape  was  in  the  Identical  five  channel  form  as  the  transmitted 
tape. 

In  order  to  utilize  the  full  capabilities  of  the  full  duplex  line, 
provision  was  made  to  switch  the  lines  at  the  ends  of  the  links  from  the 
Teledata  to  commercial  teletype  machines,  thereby  providing  simultaneous 
two-way  teletype  communication  during  periods  when  the  data  tapes  were  not 
being  transmitted.  In  addition  to  this  combination  communication- data  link 
between  the  receiving  stations  and  the  BRL  computer,  a  standard  half  duplex 
teletype  link  tied  all  stations  together  In  parallel.  A  separate  100-word- 
per-mlnute  teletype  line  linked  the  Laboratcerles ’  computing  center  with  the 
National  Spswe  Surveillance  Control  Center,  Spacetrack,  New  Bedford, 
Massachusetts . 

During  the  Vanguard  project,  another  half-duplex  teletype  link  existed 
between  the  computer  center  and  the  Naval  Research  Laboratory  In  Washington 
D.  C.  The  tracking  station  at  APG  and  the  BRL  computing  center  each  had  a 
commercial  half -duplex  teletype  machine  which  could  be  connected  on  call  to 
other  similar  machines  throughout  the  nation.  It  was  necesseiry  to  operate 
with  this  variety  of  communication  equipment  because  of  the  large  number  of 
agencies  involved  In  launching  the  various  types  of  satellites  and  probes 
which  were  to  be  tracked.  Figure  27  shows  the  data  transmission  and 
communication  network. 

A  series  of  tests  were  run  on  the  data  links  to  determine  the  accuracy 
of  data  transmission.  Both  Teledata  and  teletype  equipments  were  adjusted 
to  optimum  performance  and  a  punched  tape  with  a  known  code  format  contain¬ 
ing  4000  data  bits  was  treinsmltted  from  BRL  to  each  receiving  station. 

Then,  over  a  period  of  several  days,  this  test  tape  was  transmitted  back 
to  BRL  from  the  stations  at  selected  times .  A  statistical  record  was  made 
of  errors.  The  same  tape  was  transmitted  over  the  links  without  the 
Teledata  parity  check.  This  resulted  In  roughly  twice  as  many  errors  as 
were  made  by  the  Teledata  machine.  The  teletype  eq\ilpment  also  showed  no 
Indication  that  an  error  had  been  made.  With  the  Teledata  equipment,  an 
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error  caused  the  machine  to  stop  transmitting  and  thus  permitted  error 
location  and  correction.  Data  transmitted  over  a  2000-mlle  link  using 
60-word-per-mlnute  telegraph  lines  showed  an  error  rate  of  only  one  part 
in  60,000.  This  was  quite  adequate  for  the  Interim  DOPLOC  system  data 
handling  requirements.  A  more  rapid  rate  of  data  handling  was  planned 
for  the  final  equipment. 

g.  Data  Transmission  Accuracy  Tests.  An  analysis  of  data  received 
from  tracking  both  active  and  passive  satellites  showed  an  occasional  RI© 
scatter  of  as  much  as  three  cycles  per  second.  This  resulted  in  some 
suspicion  of  the  performance  of  the  phase- locked  tracking  filter.  A  series 

tests  were  made  at  the  Laboratories'  tracking  station  on  data  simulating 
those  obtained  on  actual  satellite  passes.  The  test  results  shoved  a 
random  scatter  in  the  data  corresponding  as  closely  as  could  be  determined 
to  the  precision  of  measurement,  thus  removing  the  suspicion  from  the 
tracking  filter.  The  random  scatter  was  thus  attributed  largely  to  propa¬ 
gation  phenomena.  The  satellite  spin  and  instability  of  the  satellite 
transmitter  in  active  satellites  will  Introduce  a  limited  amount  of  data 
scatter  also.  Efforts  to  analyze  the  data  for  systematic  errors  as  well 
as  random  errors  resulted  in  an  Increase  in  the  precision  of  the  period 
measurements  by  using  a  ten  megacycle  counting  rate  instead  of  the  one 
hundred  kc  rate.  After  an  extended  series  of  tests  using  simulated  data 
mixed  with  noise  and  various  tracking  filter  bandwidths  it  was  determined 
that  the  peak  frequency  scatter  was  O.I6  cycles  per  second  and  the  rms 
frequency  error  was  O.O52  cycles  per  second.  Figure  28  is  a  block  diagram 
of  the  equipment  used  for  the  frequency  measurement  tests. 

h.  Data  SaBq)le8.  Examples  of  the  types  of  recorded  data  are  shown 
in  Flgitres  29  -  34.  Figure  29  is  a  dual  channel,  strip  chart  record  of 
data  obtained  on  pass  140  of  satellite  i960  Delta  (Discoverer  XI )  at  the 
Forrest  City,  i^kansas,  station.  Operation  was  in  the  passive  mode.  The 
upper  record  of  the  chart  indicates  frequency  as  a  function  of  time  and 
shows  three  distinct  segments  of  received  Doppler  frequency.  These  seg¬ 
ments  correspond  to  the  times  of  passage  of  the  satellite  through  the  beams 
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Figure  29 
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Figure  30  typical  ooploc  data  output 
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DOPPLER  FREQUENCY  AND  SIGNAL  STRENGTH  RECORDS  OF  THE  LAUNCH  OF 
EXPLORER  X  (58  ALPHA)  TRACKED  AT  ABERDEEN  PROVING  GROUND,  MD. 


of  the  three  receiving  antennas.  The  step  wave  forms  show  the  functioning 
of  the  automatic  search  and  lock- on  system  used  for  acq.ulsltion  of  the 
reflected  signal.  The  frequency  range  of  the  automatic  search  equipment 
was  changed  after  satellite  passage  through  one  antenna  beam,  and  search 
over  a  higher  freqiiency  range  continued  before  satellite  arrival  at  the 
next  antenna  beam.  The  lower  channel  indicates  signal  strength  data 
received  at  the  time  of  satellite  passage  at  each  antenna  position.  C8^.i- 
bration  data  for  each  channel  are  marked  at  the  right  of  the  record,  and 
timing  marks  are  indicated  on  the  lower  edge  of  the  record. 

Two  types  of  recordings  of  Doppler  data  output  are  shown  in  Figure  50. 
The  first  is  the  Doppler  period  output  recorded  In  binary  code  on  standard 
five-level  punched  paper  teletype  tape.  The  first  data  block  contains 
Greenwich  Mean  Time  at  the  beginning  of  the  recording  run.  Subsequent  data 
blocks,  recorded  at  the  rate  of  one  per  second,  contain  the  Doppler  period 
measurement.  The  second  type  of  recording  is  the  printed  record  obtained 
from  a  Hewlett  Packard,  Model  56OA  digital  printer.  Two  examples  are 
shown.  Each  printed  line  contains  Universal  Time  data  and  the  Doppler 
data  at  print  out  time.  When  frequency  is  recorded  the  first  six  digits 
indicate  time  and  the  remaining  five  digits  indicate  Doppler  frequency. 

When  high  resolution  period  meaaiirenients  are  desired,  only  four  digits  of 
time,  minutes  and  seconds,  are  printed,  allowing  the  remaining  digits  to 
indicate  the  period  measurements. 

Figures  3l  and  32  a  and  b  are  typical  examples  of  single  and  dual 
channel  strip-chart  records  obtained  at  the  DOPLOC  stations  during  a 
tracking  operation.  The  dual  channel  records  contain  signal  strength  data 
and  Doppler  frequency  data,  each  indicated  as  a  function  of  time.  Time 
marks  eu*e  on  the  lower  edge  of  the  chart.  Calibration  data  for  each 
channel  are  recorded  at  the  beginning  of  each  record  Just  prior  to  the  run. 
In  these  Figures  the  calibration  data  were  transcribed  from  the  original 
record  and  placed  near  the  pertinent  section  of  the  record  for  clarity. 

The  single  channel  records  also  contain  the  Doppler  frequency  as  a  function 
of  time  but  allow  higher  frequency  resolution  because  of  the  increased 
chart  width. 
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The  two  similar  sets  of  data  are  included  to  show  the  distinct 
differences  in  the  records  for  two  satellites.  Figiires  31  a  and  b  show 
the  data  obtained  during  the  tracking  of  1959  Zeta  (Discoverer  VI)  which 
passed  almost  directly  over  the  receiving  station,  indicating  a  relatively 
steep  frequency  vs  time  curve  (usually  called  the  "S"  curve).  Figures 
52  a  and  b  show  similar  data  recorded  during  tracking  of  1959  Kappa 
(Discoverer  VII )  indicating  a  lower  slope  of  the  "S"  curve  because  the 
satellite  passage  was  at  some  distance  from  the  receiving  station. 

Figure  33  shows  the  strip  chart  data  recorded  during  the  early  portion 
of  flight  of  the  BRL  ionosphere  probe  (Strongarm  Wo,  l)  on  10  Kovember  1959 • 
Data  were  obtained  for  approximately  2k  minutes  and  included  information 
over  nearly  the  complete  trajectory. 

Figure  34  is  an  example  of  strip  chart  data  recorded  during  a  rocket 
launch.  The  Doppler  data  record  obtained  on  1958  Alpha  (Explorer  l)  indi¬ 
cates  step  like  shifts  in  frequency  which  correspond  to  rocket  acceleration 
due  to  firing  of  successive  stages.  This  type  of  data  is  very  useful  in 
determining  the  success  of  a  rocket  launching  and  the  subsequent  orbiting 
of  a  satellite. 

Sample  orbital  parameters  from  the  DOPLOC  system  are  shown  below. 

The  first  set  is  from  passive  tracking  of  revolution  124  of  i960  Delta 
and  the  second  is  from  active  tracking  revolution  34  of  i960  Gamma  2.  The 
data  are  compared  with  the  published  results  of  Space  Track,  Bedford, 
Massachusetts . 


1,  i960  Delta  (Discoverer  XI)  Rev.  124  (Passive) 


DOPLOC 

SPACETRACK 

DIFFERENCE 

(statute  Miles) 

Semi  maj .  axis 

4115 

4121 

-6 

Eccentricity 

,0198 

.0177 

,0021 

- _ 0 

_  .0 

0 

Inclination 

ou,i>i 

OU.IO 

.21 

Bight  Ascension  of 
Ascending  Wode 

207,50° 

207,27° 

,23° 

Argument  of  Perigee 

97.49 

123.22 

-27,73° 

'"Mean  Anomaly  at  Epoch 

40,17° 

• 
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a.  i960  Oaama  a  (Tranett  IB)  Rev.  ^  (Active) 

DOPLOC  SPACETRACK  BXFmtBIICB 

(statute  MLlee) 

Sa»l  mO*  axis  4313  4309  4 

Eccentricity  .Oai3  *0394  -,0l8l 

Inclination  51*40°  51*23°  .16° 

Right  Asoenaion  of  '  o 

Ascending  Node  a67.ai  366.75  0,46 

Argument  of  Perigee  331.17°  277.15°  43*62° 

.  o 

Mean  Ancmaly  at  Epoch  141.07 

BRL  Report  No,  1133  contalna  a  summary  of  the  tracking  activities  of 
the  BRL  DOPLOC  stations  for  hoth  active  and  passive  type  tracking. 
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IV.  THE  FULL  SCALE  DOPLOC  SYSTEM  CONCEPT 

A .  Introduction 

Amwidment  No.  3  to  ARPA  order  8-58  provided  funds  for  a  supportlr^ 
research  program  with  a  goal  of  arriving  at  recommendations  and  speclfi* 
cations  by  July  i960,  for  an  ’'\iltiinate"  fiill  scale  Doppler  type  satellite 
detection  and  tracking  system.  The  tentative  conclusions  of  systems 
engineering  studies  were  outlined  to  ARPA  representatives  at  a  meeting  at 
BRL  on  14  April  1959  and  briefly  described  in  BRL  Tec2mlcal  Note  No.  1266, 

"An  Approach  to  the  Doppler  Dark  Satellite  Detection  Problem",  by  L.  G.  deBey. 

This  desclption  did  not  attempt  to  justify  the  concept  pi*esented  nor 
to  derive  quantitative  parameter  specifications.  In  the  interest  of  pub¬ 
lishing  the  general  concept  at  an  early  date,  the  result  of  a  nmber  of 
studies  which  had  been  under  way  for  some  time  were  largely  omitted.  This 
section  of  the  technical  summary  report  presents  the  proposed  "ultimate" 
DOPLOC  fence  in  somewhat  greater  detail  and  includes  changes  in  design 
parameters  which  resulted  from  continuing  studies. 

B .  The  Interim  DOPLOC  Conplex 

The  interim  fence,  which  was  designed  and  installed  before  the  R  &  D 
program  was  initiated,  made  use  of  essentially  off-the-shelf  itans  of 
technical  equipment  and  was  intended  to  provide  a  capability  of  detecting 
one  square  meter  targets  at  maximum  altitudes  of  500  to  1000  miles.  This 
system  employed  antennas  having  east-west  fan  beams  Of  8  x  76  degrees 
(16  db  gain)  directed  to  produce  one  vertical  beam  and  two  beams  at  eleva¬ 
tion  angles  of  20°,  one  toward  the  north  and  the  other  toward  the  south. 

It  can  be  shown  that  to  meet  the  full  ARPA  design  objectives  the  transmitted 
power  required  with  these  antennas  would  be  about  30  megawatts,  assuming 
piarametric  receiver  front  ends  (l  db  HP),  cosmic  noise  level  3  db  above 
receiver  noise,  lO-cps  bandwidth,  10-db  output  signal- to-noise  and  an 
operating  frequency  of  108  me.  Such  power  levels  in  a  single  ..illuminator 
installation  would  be  difficult  to  obtain.  Also  several  such  installations 
would  be  required  to  cover  the  space  volume  above  the  United  States.  This 
situation  led  to  an  attempt  to  find  a  means  of  improving  the  gain  of  the 
antennas  and  of  using  them  more  efficiently. 


C ,  Design  Objectives 

Firm  requlrementB  of  system  performance  or  specifications  were  not 
Issued  ty  ARPA  during  this  design  period.  Instead,  a  number  of  design 
objectives  were  Informally  stated  In  various  technical  conferences  dealing 
with  the  dark  satellite  fence  problem.  These  objectives,  when  viewed  from 
the  standpoint  of  a  system  employing  Doppler  techniques,  gave  rise  to 
certain  specific  system  requirements  which  more  nearly  represent  specifi¬ 
cations.  The  following  tabulations  contain  lists  of  these  objectives  and 
specific  Doppler  system  requirements  around  which  the  full  scale  Doppler 
satellite  passive  detection  and  tracking  system  was  planned. 

1.  Detection  Range.  All  objects  In  orbit  between  altitudes  of  100 
and  2000  statute  miles.  It  is  now  believed  that  all  objects  having  effec¬ 
tive  reflection  areas  greater  than  1  square  meter  can  be  tracked  over  the 
range  of  100  to  3000  s.  miles. 

2.  Target  Size.  All  objects  below  2000  s.  miles  whose  effective  radar 
cross  section  Is  0.1  square  meter  or  larger. 

3.  Multiple  Object  Capability.  System  should  be  capable  of  handling 
multiple  objects.  Maximum  niuiber  not  specified.  Design  objective  Is 
capacity  for  the  order  of  100  -  1000  objects  In  orbit  over  the  United  States 
at  one  time. 

4.  Detection  Probability.  The  system  should  not  permit  "sneak" 
satellites  to  pass;  the  fence  should  be  tight. 

3*  Period  Calculations.  Accurate  to  within  1-3  seconds. 

6.  Orbit  Inclinations.  All. 

7.  Time  of  Arrival.  1-5  seconds. 

8.  Accuracy,  Axlmuth  and  Elevation.  0.1*^  to  0.5®.  Resolution 
500  -  3000  feet. 

9.  Time  Required  for  First  Orbit  Determination.  Less  than  20  minutes. 

10.  Identification.  Indication  of  size  and  direction  of  motion.  Would 
monitor  emissions  and  indicate  txsobllng  or  stability  of  flight. 

i03  . 


11.  Adequate  Data  for  Correlation  with  Known  Orhite. 

12.  No  counter- countermeasure  provisions  except  for  extreme  narrow 
banding  of  receiving  equipment. 

Based  on  the  use  of  Doppler  techniques  and  the  mathematical  solution 
required  to  derive  orbital  parameters  from  such  data,  the  following  specific 
system  requirements  are  postulated: 

1.  A  minimum  of  twelve  Doppler  frequency  measurements  must  be  obtained 
for  low  altitude  satellites  and  twenty-five  or  more  frequency  measurements 
for  medium  to  high  altitude  satellites.  . 

2 . ,  The  system  must  track  the  satellite  over  a  segment  of  its  orbit 
c corresponding  to  at  least  150  seconds  of  flight  time  for  low  altitude  satel¬ 
lites  and  for  600  seconds  of  flight  time  for  maximum  altitude  satellites. 

This  tracking  need  not  be  continuous,  but  may  consist  of  a  number  of  short 
segments . 

D.  Target  Size 

TThe  objectives  outlined  above  were  not  based  on  a  formal  investigation 
of  the  potential  threat  created  by  the  technical  feasibility  of  orbiting 
dark  satellites.  Bather  they  constitute  good  guesses  as  to  the  proper 
order  of  magnitude.  Doubt  exists  that  the  value  of  the  minimum  detectable 
target  size  is  realistic.  It  is  difficult  to  Imagine  that  a  satellite 
about  20  inches  in  diameter,  which  would  have  an  effective  reflection  cross 
section  area  of  0.1  square  meters  at  100  me  if  uncamouflaged,  wo\ild  pose  a 
serious  threat,  from  the  reconnaissance  point  of  view,  at  an  altitude  of 
2000  miles.  It  is  conceivable,  however,  that  satellites  of  larger  physical 
size  could  be  camouflaged  to  make  them  appear  as  0.1  square  meter  targets, 
the  degree  to  which  this  can  be  accomplished  being  dependent  upon  size, 
camoiiflage  weight,  frequency-bandwidth  considerations,  effect  on  flight 
performance  and  economic  factors.  Since  arbitreory  specifications  of  a  tar¬ 
get  two^  or  three  times  smaller  in  effective  cross  section  them  that  which 
can' be  expected  to  perform. a  useful  reconnaissance  function  would  require 

i' :  ."a::? 
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antenna,  gains  or  transmitter  pover  larger  "by  these  same  factors  (involving 
cost  increases  of  millions  of  dollars)  an  economically  sound  proposal  for 
an  "ultimate”  system  could  not  he  assumed.  Thus  an  Investigation  to  aid 
in  establishing  a  realistic  target  size  was  deaaed  to  be  required.  Such  a 
study  was  Initiated  within  the  Ballistic  Research  Laboratories  but  did  not 
progress  sufficiently  to  justify  a  report  at  the  closing  of  the  project. 

E.  Antennas 

A  number  of  beam  configurations  and  combinations  were  studied  and 
discarded  because  they  did  not  appear  to  meet  all  of  the  system  requirements. 
Fixed  f€ui  beams  spaced  every  few  degrees  would  provide  enough  data  points 
but  would  require  large  numbers  of  antenna  arrays  and  Independent  high 
powered  driving  transmitters  with  attendant  high  cost.  High  gain  pencil 
beams >  scanning  to  give  adequate  volume  coverage,  would  reduce  the  power  of 
Individual  transmitters,  but  would  require  large  nvimbers  of  costly  arrays 
and  transmitters  in  order  to  provide  a  tight  fence  (each  pencil  beam  trans¬ 
mitter  receiver  would  have  to  track  a  given  satellite  to  obtain  enough  data, 
thus  leaving  the  fence  "open"  for  other  satellites).  Furthemore,  with  a 
bl- static  system  in  which  transmitter  and  receiver  pencil  beams  emanate 
from  different  surface  locations,  the  beams  Intersect  only  at  a  small  volume 
or  cell  lii  space  at  any  Instant.  To  provide  the  required  compieje  coverage, 
one  beam  would  be  required  to  scan  the  length  of  the  other  while  it  was 
scanning,  and  thus  would  use  too  much  time,  permitting  other  areas  to  go 
unmapped,  or  satellites  to  cross  other  areas  imdetected. 

As  a  result  of  the  above  considerations  it  was  decided  that. a  fem 
shaped  beam  was  required.  The  dimensions  of  the  beam  were  then  to  be 
determined.  Beca\ase  of  the  curvature  of  the  earth  it  is  not  possible 
to  have  more  than  one  transmitter  and  one  receiver  scan  a  given  area  In 
a  coplaneu*  manner  such  that  the  receiver  will  always  see  eill  objects 
Illuminated  by  the  transmitter.  To  scan  even  one  pair  of  antennas  together 
requires  that  the  scan  axis  be  the  chord  of  the  earth  circle  between  the 
two  antenna  stations.  The  wide  dimension  of  the  fan  Is  determined  prima¬ 
rily  by  the  distance  between  the  two  stations,  which  in^turn  is  dictated 
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by  the  minimum  radiated  power  required  to  detect  a  minimum  size  target  at 
2000  to  5000  miles  altitude.  The  dimensions  of  the  United  States, 
indicated  that  a  base  line  of  approximately  1000  miles  was  about  correct. 
At  greater  distances,  low  altitude  satellites  would  not  be  seen  at  all 
points  between  tJae  stations,  while  for  smaller  separations  of  stations, 
full  advantage  would  not  be  taken  of  available  power.  Early  estimates 
indicated  that  the  beam  dimensions  should  be  about  60°  by  Further 
study  re sill ted  in  the  adoption  of  a  60  x  1.4  degree  fan  beam,  scanned 
from  horizon  to  horizon. 

F.  Signed.  Dynamics 

The  maximum  Doppler  frequency,  using  108  me  for  a  satellite  in  orbit 

at  100  miles  altitude  approaching  a  DOPLOC  complex  in  a  plane  of  a  great 

circle  through  the  stations  is  6000  cps.  The  maximum  first  derivative 

2 

f  of  the  frequency-time  curve  is  about  100  cps  .  For  a  circular  orbit 
a  2 

at  an  altitude  of  2000  miles  f^  will  be  approximately  9  cps  .  The  minimum 

information  bandwidth  required  to  accommodate  Doppler  signals  with  these 

rates  of  change  of  frequency  is  given  by: 


For  h  =  100  miles,  =  10  cps;  while  for  h  =  2000  miles,  =  5  cps. 
Since  the  received  signal  is  expected  to  be  less  at  the  higher  altitude, 
it  is  fortunate  that  a  smaller  information  bandwidth  is  tolerable  since 
it  is  extremely  important  to  utilize  the  smallest  practical  beuadwidth. 

BRL  experience  has  shown  2.5  cps  to  be  about  the  minimum  useful  bandwidth 
for  108  me.  This  lower  limit  Is  due  to  phase  pertubations  Introduced  by 
the  antennas  and  the  propagating  medium. 

The  maximum  signal  processing  or  integrating  time  is  given  by: 

.  i 


T.  ranges  from  0.1  second  when  a  10  cps  filter  is  used  to  0.33  seconds 
1  3  4 

when  a  3  cps  filter  is  used.  Gabor  and  Woodward  derive  an  expression 


,  r#,ij 
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for  the  uncertainty  of  frequency  neasurement . 


where  s  is  the  power  signal- to-nolse  ratio.  For  a  phase  locked  tracking 
filter  of  the  type  used  in  the  DOPLOC  fence  the  minimum  usable  signal- to¬ 
ne  ise  ratio  has  been  exi)erlnien tally  shown  to  be  about  4  db.  Since  other 
types  of  narrow  band  frequency  measuring  equipments  might  require  a  greater 
signal- to-nolse  ratio,  a  safety  margin  was  provided  by  assuming  a  required 
output  S/N  =  7  db.  The  frequency  uncertainty  (Af )  is  thus  dependent  upon 
integration  time  assumed  and  will  be  either  1.4  cps  or  4.5  cps  for  integra¬ 
tion  times  of  0.53  and  0,1  seconds,  respectively.  The  result  of  orbit 
computations  containing  random  errors  of  frequency  measurement  of  these 
same  general  magnitudes  show  that  the  accuracy  of  the  solution  Is  not 
seriously  degraded  by  such  errors . 

Shorter  Integration  times  result  in  higher  noise- to- signal  ratios, 
deteriorate  the  accuracy  of  frequency  measurement  and  reduce  detection 
range.  A  heavy  penalty  is  paid  in  terms  of  total  transmitter  power  required 
by  even  a  twofold  Increase  in  bandwidth.  The  minimum  signal  duration 
(integration  time)  cannot  be  appreciably  less  than  0.1  seconds.  Conversely 
an  increase  in  the  integration  time  above  the  value  of  0.55  seconds  would 
reduce  the  bandwidth  below  3  cps. 

For  the  scanning  antenna  system  proposed,  the  maximum  signal  processing 
time  is  equivalent  to  the  time  required  for  the  narrow  dimension  of  the 
scanning  fan  beam  to  pass  over  the  target,  the  time  on  target  (t^)  and  is 
equal  to: 

.  /  \  _  _ Beamwidth  (Q) 

^T  "  Scan  Angle  Velocity  (w) 

Conversely  for  a  given  t^,  the  beamwidth  is: 

©  -  wb^ 

The  angular  seem  velocity  is  determined  by  the  number  of  data  points  required 
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and.  the  total  time  the  target  Is  within  tracking  range.  These  factors  vary 
as  fxmctlons  of  target  altitude.  At  low  altitude  the  Blojie  of  the  Doppler 
curve  is  high  and  fewer  data  points  are  required.  Pewer  than  six  points  on 
the  Doppler  curve  will  not  yield  a  solution,  even  in  theory.  Experience  has 
shown  12  -  15  points  to  be  adequate.  With  close  approach  satellites  at  high 
altitudes,  the  slope  is  low  and  the  ”S"  curve  has  much  less  character, 
requiring  more  data  points  to  obtain  a  solution. 


The  time  the  target  is  within  tracking  range,  T,  is  summarized  in 
Table  I,  and  ranges  from  192  to  1000  seconds.  The  angular  scan  rate,  Vf,  is 
given  by 


where  =  number  of  data  points  required.  0  =  scan  angular  coverage. 


The  lowest  value  of  total  time  for  tracking,  T,  must  he  used  since 
this  will  determine  the  maximum  scan  rate.  Thus  for; 

0  =  160° 


“d  = 

T  = 
W  = 


12 

192 

12  X  160 
192 


,  .,0/ 

=  J-u  /  secona 


One  scan  period  Is  thus  T  ~  h  =  -rpr-  =  16  seconds. 

s  W  10 

The  number  of  data  points  which  can  be  obtained  for  targets  at  higher 
altitudes  may  be  obtained  throi;igh  the  use  of  the  expression  ^  . 

Representative  values  of  for  selected  altitudes  are  given  in  tabll  IV  -  1 
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TAEIi]  IV  -  1 


\ 


MINIMUM  NUMB®  OF  DATA  POINTS  VERSUS  ALTITUDE* 


Altitude 

V 

s 

T 

Number 

HLles 

^^See. 

Miles 

Sec. 

Data  Points 

100 

4.98 

960 

192 

12 

200 

4.79 

1560 

326 

20 

Uoo 

4.68 

2460 

525 

33 

1000 

4.40 

4400 

1000 

62 

1500 

4.18 

3900 

932 

58 

2000 

4.00 

2440 

610 

38 

*For  circular  polar  orUit 

V  ' =  Satellite  velocity  at  altitude  specified. 

S  =  Length  of  observed  satellite  path  In  antenna  coverage  volume. 
T  =  Total  time  during  which  satellite  may  be  detected. 

0 .  Antenna  Gain 

The  minimum  effective  narrow  dimension  of  the  composite  fan  beam 
system^  comprised  of  two  coplanar  fan  beams,  can  now  be  determined  by 
the  relation: 

e  =  W  t  J 

The  minimum  value  of  0  will  be  obtained  when  t^  Is  smallest.  The 
time  on  target,  t^,  was  shown  previously  to  have  values  between  0.1  euad 
0.33  seconds  depending  on  the  beamwldth  required  by  signal  dynamics. 

Thus  the  minimum  effective  beamwldth  Is; 

9  s  10  X  0.1  =  1  degree 

Althotigh  larger  values  of  t^  would  allow  the  use  of  greater  beamwldths 
the  resultant  lower  gain  of  the  antenna  system  would  force  the  use  of 
higher  transmitter  powers  or  would  reduce  the  output  S/N  ratio.  On  the 
other  hand,  the  fact  that  the  reciprocal  of  the  narrowest  bandwidth 
(3  cps)  allows  an  integration  time  as  great  as  0.33  seconds  does  not 
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mean  that  this  full  time  must  he  used  unless  the  lowest  value  of  frequency 
uncertainty  must  he  achieved.  It  has  been  shown  that  the  uncertainty 
equivalent  to  integration  times  of  0.1  seconds  is  adequate  for  the  dark 
satellite  problem.  It  is  thus  advantageous  in  establishing  the  remaining 
system  parameters  to  assume  0=1  degree  (effective).  The  effective  value 
of  0  is  stressed  intentionally.  Each,  of  the  two  coplanar  beams  introduces 
a  3  db  pattern  factor  at  the  design  beamwidth  and  the  total  loss  due  to 
pattern  factor  is  6  db .  In  order  to  achieve  an  effective  beamwidth  of  one 
degree  at  the  5  db  point  the  individual  beams  must  each  Introduce  a  pattern 
loss  of  only  1.5  db  at  a  beamwidth  of  1.0  degree.  Antennas  having  l.i» 
degree  beamwidth  at  the  three  db  points  will  yield  an  effective  system  beam- 
width  of  1.0  degree.  The  fan  beams  required  would  thus  have  cross  sections 
of  about  1.4  X  60  degrees  at  the  3-d.b  points.  The  gain  of  an  antenna  in 
terms  of  its  beam  dimensions  is  given  conservatively  by: 


0.7  X  41200  ^  28840 

^  1,4  X  60 
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=  101og344  =  25  db. 

It  should  be  noted  that  economic  signal  dynamic,  and  data  quantity 
considerations  determine  the  minimum  tolerable  beam  dimensions  and  hence 
the  maximum  antenna  gain  which  may  be  used.  The  proposed  DOPLOC  satellite 
fence  was  thus  an  antenna  gain  limited  system.  This  factor  had  an  impor¬ 
tant  bearing  on  the  choice  of  optimum  operating  frequency. 


Having  determined  the  antenna  beamwidths  and  gain,  the  next  problem 
was  to  find  a  design  which  would  he  economically  and  physically  practical 
in  size  and  cost,  and  which  would  provide  for  the  necessary  angular  scan 
without  serious  degradation  of  the  beam  shape.  This  problem  restilted  in 
an  extensive  engineering  study  both  by  BRL  and  by  prospective  contractors 
who  were  requested  to  submit  bids  on  a  scaled  down  model  of  the  scanning 
antennas  and  transmitter  for  the  "ultimate"  DOPLOC  system.  On  first 
consideration  it  appeared  that  a  Wullenweber  type  antenna  design  mounted 
with  its  normal  diameter  in  a  vertical  plane  would  provide  for  the  necessary 
scan  operation.  The  first  idea  was  to  feed  the  various  transmitting  elements 


of  the  WuUenveher  antenna  from  commutated  low  power  clrcuite  In  such  a 
manner  t2iat  the  required  nurnher  of  antenna  elements  was  fed  seQtuentlally 
around  the  rim  of  the  antenna.  Further  study  showed  however  that  when  the 
heaas  from  the  VulXenweher  antenna  are  tilted  off  the  axis  of  the  antenna 
system  and  then  scanned |  the  heam  breaks  down  Into  a  conical  shape  and  will 
not  perform  the  rei},ulred  scan  at  low  angles.  This  subject  will  be  treated 
In  more  detail  in  connection  with  the  proposal  submitted  to  ARFA.  Suffice 
It  to  say  here  that  satisfactory  antenna  designs  were  derived. 

H.  Received  Signal  Power  Required 

The  minimum  usable  received  signal  power  which  will  provide  suitable 
DOPLOC  data  la  determined  by  the  following  factors:  l)  External  noise ^ 

2)  Internal  noise,  3)  Bandwidth,  4)  Output  signal- to- noise  ratio.  These 
factors  are  discussed  in  relation  to  the  ’’ultimate”  DOPLOC  system. 

1.  External  Molae.  Noise  sources  external  to  the  DOPLOC  system  are 
expected  to  provide  the  major  noise  contributions  for  a  carrier  frequency 
in  the  range  of  100  to  150  me.  These  sources  are  extraterrestrial  such  as 
cosmic  and  galactic  as  well  as  of  local  origin  such  as  automobile  ignition, 
diathermy  or  other  man  made  Interference.  Cosmic  noises  from  the  galactic 
plane  and  extragalactlc  regions  are  the  most  continuous  sources  of  extra¬ 
terrestrial  noise,  with  occasional  periods  of  solar  noise  when  the  sun  is 
excited.  High  intensity,  discrete  radio  star  cosmic  noise  sources,  most 
of  which  have  anguleu:  dimensions  less  than  1°  will  produce  a  strong  pulse 
of  noise  when  the  high  gain  receiving  feui  beam  sweeps  past  them.  These 
noises  did  not  prove  to  be  serious  since  they  could  at  worst  only  Interfere 
with  a  few  data  points . 

The  amount  of  extraterrestrial  noise  available  at  the  input  to  the 
receiver  is  a  function  of  the  antenna  pattern  width  and  the  region  of  the 
sky  in  the  beam  at  the  moment.  As  the  beam  sweeps  across  the  galactic 
sector  which  is  about  15  to  30  degrees  wide  it  crosses  the  region  of  highest 
cosmic  noise. density.  Therefore  it  was  necessary  to  design  the  system  to 
operate  in  the  presence  of  this  noise.  The  relation  between  the  amount  of 
noise  picked  up  and  the  antenna  gain  and  beamwldth  is  a  complex  function  of 
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the  orientation  of  the  antenna  and  Its  gain  level.  When  an  antenna  Is 

oriented  toward  the  galactic  plane/  Its  noise  output  will  Initially  Increase 

as  Its  heam  width  is  decreased.  However,  a  limit  Is  reached  where  a  further 

decrease  In  antenna  beamwldth  (corresponding  to  an  Increase  In  gain  with  a 

.point  source)  will  not  appreciably  Increase  the  cosmic  noise  received.  This 

lliftlt  Is  between  10  and  15-db  ahlenhai  gain.  When  an  aintenna  Is  directed  off 

the  galactic  plane  eind  the  noise  Is  unifonnly  distributed  In  space,  the  cosmic 

noise  received  Is  Independent  of  antenna  beamwldth' or  gain.  The  proposed 

l.i|  X  60  degree  antenna  with  25-db  gain  Is  considerably  over  the  15  db  gain 

limit  for  Increasing  cosmic  noise.  The  noise  measurements  made  with  the 

interim  DOPLOC  antennas,  which  had  16-17  db  gain,  should  apply  directly.  The 

cosmic  noise  measurements  made  with  the  Interim  DOPLOC  center  antennas  showed 

a  maximum  noise  temperatiu'e  of  less  than  ll60°  K,  99  per  cent  of  the  tin«. 

-20 

This  temperature  corresponds  to  a  noise  power  of  1.6  x  10  watts  per  cps 
bandwidth. 

Atmospheric  and  local  noise  sources  that  have  been  obsei^d  include 
lightning,  ignition,  power  lines  and  electrlceil  equipment.  !Bie  noise  from 
these  sources  Is  generally  of  the  impulse  type,  consisting  of  very  high 
intensity,  short  duration  pulses  that  contain  very  little  energy  and  are 
not  expected  to  seriously  affect  tracking  for  an  appreciable  portion  of  time. 
Sand  static  can  also  be  a  problem  in  desert  areas  where  the  antennas  are 
exposed  to  blowing  sand. 

2 ■  Internal  Noise .  A  preamplifier  with  a  2-db  noise  figure  is  attain¬ 
able  In  the  100  to  150  me  region  with  vacuum  tubes.  The  Internal  noise  for 

-21 

a  2-db  noise  figxure  is  2.4  x  10  watts  per  cps  bandwidth.  This  does  not 

include  the  source  resistance  noise  which  for  the  DOPLOC  system  is  the 

antenna  with  its  associated  noise  temperature.  The  totsd  of  the  antenna 

•20  -20  -20 

noise  plus  the  receiver  noise  Is,  1.6  x  10  +  0.24  x  10  »  1.84  x  10 

watts  per  cps  bandwidth. 

5.  Bandwidth.  The  bandwidth  required  in  the  receiving  equipment  Is 
dependent  on  both  the  orbital  parameters  of  the  satellite  and  on  the  design 
of  the' receiver.  The  method  and  amount  of  bandwidth  limitation  prior  to 


final  detection  Is  also  dependant  on  the  characterletlcs  of  the  detection 
systen  used  In  the  receiver »  The  BF  section  of  a  DOFLOC  receiver  may  be 
relatively  conventional*  She  respcexse  should  be  linear  elth  Input  signal 
for  the  range  of  signals  and  noise  which  must  be  received.  The  receiver 
should  be  free  of  regeneration  and  oscillation  tendencies,  and  its  phase 
characteristics  should  be  relatively  unaffected  by  variation  of  ampllf 1> 
cation.  The  output  bandwidth  of  the  IF  aiopllfler  should  pass  the  maximum 
Doppler  frequency,  and  should  preferably  be  adjustable  to  quite  narrow 
values  when  It  Is  possible  to  eliminate  the  noise  by  narrow  banding  tech¬ 
niques  .  The  interim  DOPLOC  receivers  used  about  15-kc  bandwidth  in  the 
i.f.  amplifier  section,  but  through  the  use  of  phase-locked  tracking  filters 
In  the  output  circuits  obtained  the  effect  of  pre-detection  bandwidth 
reduction.  The  tracking  filter  operated  at  bandwidths  of  2.^  to  10  cps. 

I.  Syatoa  Geometry  and  Coverage 

The  p\]rp08e  of  the  original  DOPLOC  proposal  was  to  provide  satellite 
detection  coverage  to  the  volimte  of  space  above  the  Ikiited  States.  Ro 
counter  measures  were  to  be  Initiated.  Ibe  principal  goal  was  to  detect 
and  identify  every  object  passing  over  the  protected  area  with  a  known 
orbit,  or  to  compute  a  new  orbit  if  the  pass  were  the  first  one  for  a  given 
satellite.  Ihe  spacing  between  the  transmitter  antenna  and  the  receiver 
antenna  was  determined  primarily  by  the  altitude  limits  over  which  the 
system  was  to  operate.  As  indicated  above  the  two  antennas  were  to  either 
physically  arotate  or  to  cause  their  beams  to  sweep  around  an  axis  formed 
by  an  eeurth  chord  by  drawing  a  straight  line  between  the  two  stations  in 
the  plane  of  the  great  circle  containing  the  two  stations.  The  range  along 
the  earth's  surface  to  the  sub- target  point,  for  a  target  at  100  miles 
altitude  is  420  miles  when  the  angle  between  the  horizon  and  the  line  of 
sight  to  the  target  is  10  degrees.  Based  on  these  data  it  would  seem  to  be 
necessary  to  place  the  stations  every  420  miles  or  less  apart.  Greater 
spacing  would  permit  volumes  of  space  in  which  100  mile  targets  would  not 
be  seen  even  though  they  were  between  the  stations.  However,  because  of 
the  beam  broadening  and  side  lobe  effects,  and  also  because  of  the  proximity 
Of  100-mlle  objects  to  the  system,  the  distance  between  the  stations  can  be 
extended  to  1000  miles  without  leaving  serious  dark  areas  for  low  flying 
objects .  2.15 


It  is  of  course  not  sufficient  merely ^ -to  detect  tbe  object.  It  must, 
be  tracked  over  a  large  enough  segment  of  Its  path  to  permit  tbe  orbit 
parame-ters  to  be  de-termlned.  The  time  the  target  Is  wl-thln  tracking  range 
Is  a  function  of  Its  altitude  and.  the  volume  coverage  of  -the  -tracking, 
system.  The  volume  coverage^  conversely,,  can  be  determined  by  -the  minimum 
permissible  time  the  target  must  be  -tracked  at  a  given  altltt^de.  For 
example  at  an  altlttide  of  2000  miles  -this  minimum  time  for  satellites  In  . 
circular  orbits  Is  6l0  seconds  while  at  100  miles  this  time  is  about  15O 
seconds.  At  the  higher  altitude  the  satelli-te  velocity  is  about  It  miles 
per  second  and  the  dls-tance  trs-yelled  along  the  orhlt  during  -the  610  seconds 
is  2440  miles.  The  bi- static  DOPLOC  sys-tem  must  then  have  a  capability,  of 
tracking  the  target  along  this  seguient  of  Its  path. 

Fig\ire  55  shows  the  trans-verse  coverage  of  -the  nodding  or  scanning 
an-tenna.  The  coverage  radius  (2257  miles)  in-tarsects  the  2000-ralle  altitude 
surface  at  points  2440  miles  apart  thus  providing  -toe  capability  of  tracking 
the  t€irget  along  -the  required  segment  of  the  crblt.  Table  IV  -  1,  page  111, 
shows  -the  leng-th  of  orbit  segment  for  various  values  of  altitudes  between 
100  and  2000  miles  and  the  times  required  for  satellites  in  circular  orbits 
to  traverse  these  dis-tances. 

The  proposed  pat -ter  ns  and  coverage  of  two  antennas  of  -the  nodding 
type  in  a  plane  con-tainlng  the  base  line,  are  shown  in  Figure  56.  The  area 
of  coverage  is  approximately  ho\xnded  by  -the  ear-tJi's  radii  extended  through 
the  two  s-tations,  these  radii  lying  in  the  plane  of  coverage  shown  in  -the 
pr&Yloua  figure.  One  range ^  transmitter  to  target,  has  been  determined 
above  as  being  2257  miles  maximum.  The  other  range,  -target  to  receiver,  is 
approximately  2450  miles  maximum. 

The  total  volume  of  space  swept  out  by  one  of  these  nodding  euatenna 
systems,  and  thus  the  volume  coverage  of  one  transmitter  receiver  p&lr^  is 
shown  In  Figure  57*  Total  co-verage  would  depend  upon  -the  number  of  trans¬ 
mitter  receiver  pairs  employed  and  upon  -their  deployment. 

Figure  33  lllustra-tes  a  possible  location  of  stations  vl-thln  the  United 
Statos.  A  pair  of  transmitters,  T,  and  T^  would  be  located  at  about  40 
degrees  nor-th  latitude  and  93  degrees  west  longlti;de.  Receivers  R^^  and  Rg 
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FIG.  35  SCANNING  BEAM  TRANSVERSE  COVERAGE 


AREA  COVERAGE  IN  PLANE  OF  FAN  BEAMS 

FIG.  36 


VOLUME  COVERAGE  OF  ONE  TRANSMITTER -RECEIVER  PAIR 

FIG.  37 


TENTATIVE  TRACKING  STATION  LOCATIONS 
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would  be  located  about  1000  miles  east  and  west  along  the  40  degree  latitude 
circle.  In  principle,  these  stations  would  yield  sufficient  coverage  to 
permit  obtaining  enough  data  from  which  orbits  could  be  computed.  In  general 
only  data  from  one  base  line  would  be  received  for  each  satellite  pass  for 
satellites  in  near  polar  orbits  and  from  two  base  lines  for  satellites  in 
low  inclination  orbits.  The  improvement  in  strength  of  the  orbit  solution 
and  the  additional  course  angle  data  which  could  be  obtained  through  the  use 
of  additional  station  pairs  with  similar  nodding  antennas,  makes  it  appear 
desirable  to  add  two  (or  possibly  more)  base  lines  to  the  network.  Error 
propagation  considerations  make  it  desirable  to  Install  these  base  lines  at 
right  angles  to  the  original  base  line.  Figiire  38  shows  base  lines 
and  -  T|^  located  about  125  miles  east  and  west  of  the  location  of  trans¬ 
mitters  This  is  not  necessarily  the  optimum  location  in  the  east- 

west  direction  but  is  approximately  correct.  Targets  passing  through  the 
coverage  volume  of  the  system  would  be  intercepted  by  the  nodding  beams  of 
one  or  more  transmitter- receiver  pairs. 

During  the  time  on  target  interval,  t.^,  =0.1  sec.,  the  system  must 
locate  the  Doppler  frequency  in  the  range  of  frequencies  from  2  kc  to  l4  kc 
and  measure  the  frequency  to  an  accuracy  determined  by  the  system  output 
signal- to-noise  ratio  and  t^.  The  interim  DOPLOC  automatic  lock-on  and 
tracking  filter  required  a  minimum  of  1.6  seconds  to  accomplish  this  sequence 
of  operations.  It  is  thus  not  adequate  for  the  scanned  beam  system.  The 
circulating  memory  filter  (CMF)  developed  for  the  ORDIR  radar  by  Columbia 
University  is  well  suited  to  this  application.  The  CMF  will  be  discussed  in 
more  detail  under  the  section  of  this  report  devoted  to  the  research  program. 
Other  approaches  using  comb  filters  were  investigated  within  BRL  and  an 
experimental  comb  filter  was  developed.  This  will  also  be  discussed  in  more 
detail  elsewhere. 


1.  Transmitter  Power  Requirements.  The  total  free  space  attenuation 
for  the  bi- static  radar  case  is  given  by: 
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p 

Attenuation  (db)  <>>10  log^^ 


This  fmction  1b  given  In  Figure  56  a  for  the  case  where  and  Rg  are 

the  variables  and:  Q  «  0 .  <>  2^Sb  (l.4^  x  60^  beamwldth) 

r  v 

X  »  9.ia  ft  (108  me) 

0=1  sq.  ft.  (0.1  J^) 


In  the  figure  for  the  case  of  =  2257  miles  and  Rg  =  2^50  miles  the 

ratio:  E  /p.  =  1,7  x  lO"^^  or  -247db  =  F(A). 
r  n 


The  transmitter  power  required  is  given  by:  P. 


P 

r 

P(A) 


The  received  power  required  has  previously  been  determined  as  being 


2,8  X  10”^^  watts. 


Hence 


2.8  X  10“^^ 
1.7  X  10"^^ 


=  1.65  X  10  watts. 


Although  this  is  a  high  CW  power  level  it  can  be  achieved  withstate-of- 
the-art  components  either  by  using  a  multiplicity  of  power  amplifiers,  each 
feeding  one  or  more  elements  in  the  transmitter  array,  or  by  paralleling 
several  high  power  transmitter  tubes. 
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V.  SCALE  MODEL  SCAMING  BEAM  SYSTEM  PROPOSAL 

The  full  scale  or  Improved  DOPLOC  system  as  proposed  first  in  BRL 
fismorandian  Report  No.  1220  is  based  on  ti»  use  of  the  bl-statlC/  continuous 
wave  reflection  principle  and  utilizes  for  the  basic  detection  and  tracking 
unit  a  high  power  radio  transmitter  and  a  high  gain,  narrow-band  radio 
receiver,  each  coupled  to  high  gain  antennas  driven  through  synchronizing 
equipment.  Thin,  fan  shaped,  coplanar  beams  are  scaaaned  about  the  axis 
fanned  by  a  straight  line  between  the  stations  to  cover  a  space  volume 
consisting  of  a  half  cylinder  whose  length  is  equal  to  the  dlsteunce  between 
the  stations  and  whose  radius  Is  2000  miles.  Computed  parameters,  based  on 
the  radar  equation  and  verified  by  experience  with  the  Interim  fence  equlp- 

2 

ment,  indicate  that  this  system  would  detect  and  track  objects  having  0.1  m 
effective  cross  sectional  area  over  an  altitude  range  of  approximately  100 
to  2000  miles  when  a  two-mlllion-watt  output  power  is  used  at  the  transmitting 
etntenna.  Engineering  considerations  indicated  that  such  a  system  was  feasible 
with  existing  state-of-the-art  techniques  and  equipment.  The  basic  cost  of 
such  a  system,  while  reasonable  in  comparison  to  the  coat  of  other  systems 
of  similar  proportions,  represented  a  large  investment  in  both  funds  and 
engineering  effort.  Therefore  since  one  of  the  goals  of  the  reoriented  DOPLOC 
program  was  the  demonstration  of  the  feasibility  of  the  concept  of  determining 
orbit  parameters  by  passive  continuous  wave  Doppler  techniques,  it  was  proposed 
to  instrument  two  700-mlle  base  lines  with  scaled-down  models  of  the  proposed 
ultimate  equiiMent. 

One  of  the  base  lines  was  chosen  to  utilize  the  Aberdeen  Proving  Ground 
station  as  the  principal  research  receiving  station,  using  existing  equipment 
augmented  with  equipment  from  White  Sands  Missile  Range  receiving  station. 

A  transmitting  station  having  two  lOO-KW  transmitters  and  scanning  antennas 
was  to  be  located  at  Camp  Blandlng  near  Jacksonville,  Florida.  With  one 
antenna  beamed  toward  Aberdeen,  Maryland,  and  one  toward  Forrest  City,  Arkan¬ 
sas,  two  base  lines  at  approximately  right  angles  to  each  other  would  provide 
geometrically  strong  data  for  orbit  computation  and  would  have  permitted 
utilizing  most  effectively  the  technical  skill  of  the  BRL  personnel  without 
extensive  travel  end  lost  time  in  setting  up  experiments  at  remote  field 


stations.  As  an  alternate  location  It  was  proposed  that  the  scale  model 
system  of  two  base  lines  could  be  located  to  fill  the  gap  In  the  fence  In 
the  southeastern  section  of  the  United  States  between  Forrest  City,  Arkansas 
and  VSMR. 

I 

The  BC&ded  down  system  would  have  employed  100>iCW  radio  transmitters, 

4  X  40  degree  sceumlng  beam  antennas,  and  base  lines  of  approximately  JOO 
miles.  Low  altitude  coverage  would  have  extended  down  to  approximately 
125  miles  above  the  surface  of  the  eeurth,  while  the  high  altitude  limit 
would  have  been  about  6^0  miles.  Such  a  system  would  have  provided  adequate 
detection  capability  to  thoroughly  explore  the  computational  and  data  han¬ 
dling  techniques  and  would  have  permitted  the  test  and  development  of  any 
Improved  techniques  foimd  necessary  to  adopt  the  DOPLOC  concept  to  the 
scanning  beam  methods. 

A  scanning  system  of  this  type  would  have  offered  significant  improve¬ 
ment  over  the  fixed  beam  system  In  detection  capability.  Instead  of  relying 
on  having  all  factors  affecting  detection  suitable  during  a  short  period  of 
time  that  a  satellite  falls  within  a  severely  restricted  angular  segment  of 
detection  volume,  this  system  would  have  continuously  scanned  a  l60°  sector 
of  space  volume  and  have  made  repeated  observations  of  every  object  In  the 
scanned  volume.  With  the  a  priori  knowledge  that  satellites  must  follow 
closely  the  classical  laws  of  orbital  motion,  the  multiplicity  of  DOPLOC 
observations  on  each  satellite  pass  gz*eatly  simplifies  the  problem  of 
distinguishing  between  satellites  and  other  soxirces  of  reflected  signals 
such  as  meteor  trails,  aircraft,  ionospheric  clouds,  etc.  In  addition,  it 
is  this  multiplicity  of  observations  over  a  length  of  arc  during  a  single 
pass  which  gives  the  DOPLOC  system  the  capability  of  determining  orbital 
parsmeters  without  waiting  several  hours  for  the  satellite  to  complete  one 
or  more  revolutions  along  Its  orbital  path. 

A.  Request  for  Contractor  Proposals 

BRL  Specification  No.  16-9-59,  entitled  "Supplemental  Information  to 
Oral  Briefing  Pejrtainlng  to  Requirements  for  Scanning  Antenna  Systems" , 
was  prepared  and  an  open  briefing  was  held  by  BRL  and  the  local  procurement 
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office  on  l6  September  1959  to  acquaint  prospective  bidders  vitb  the  < 
requirements  of  the  proposed  scaled  down  DOPLOC  system  and  to  solicit  bids 
covering  the  furnishing  and  installation  of  one  and  two  baseline  systems  as  ; 
had  been  proposed  to  ARPA.  The  basic  bid  covered  the  supplying  of  the  Catt® 
Blending  -  Aberdeen  base  line,  leas  the  receiving  equipment.  This  included 
a  prefabricated  instrument  shelter  at  Can^)  Blandlng,  a  transmitter,  two 
scanning  beam  antennas,  cmd  the  antenjui  synchronizing  equipment.  As  an 
alternate  bid,  proposals  were  also  requested  covering  the  basic  bid,  and 
in  addition,  a  second  transmitter  housed  in  the  common  instrument  shelter 
emd  two  scanning  antennas  with  synchronizing  equipment  for  the  Camp  Blending  - 
Forrest  City  base  line.  Approximately  25  contractor  facilities  were  repre¬ 
sented  at  the  briefing.  Twelve  proposals,  some  of  which  were  joint  efforts, 
were  received.  Prices  ranged  from  less  than  a  million  dollars  per  base  line 
to  approximately  five  million  do3d.ars  per  base  line.  In  general  the  lowest 
priced  systems  proposed  using  mechanically  rotating  linear  antenna  arrays . 

Other  system  proposals  were  based  on  reflecting  type,  horn  fed  antennas 
scanned  by  organ  pipe  scanners,  or  modified  Wullenweber  type  antennas  fed 
with  organ  pipe  scanners  or  electronic  scanning  systems.  Several  interesting 
results  came  from  the  emalysis  of  the  bids  received. 

Six  of  the  proposals  contained  antenna  designs  based  on  scanning  the 
fan  beam  by  rotating  the  antenna  array  structure.  Seven  proposals  contained 
antenna  designs  based  on  stationary  antenna  structures  with  the  beam  scanned 
by  electronic  methods.  The  proposals  were  requested  for  two  frequencies, 

150  me  and  216  me  since  these  two  frequencies  had  been  suggested  as  possible 
assignments  by  the  FCC.  It  was  also  considered  of  value  to  know  the  cost  of 
the  system  for  what  might  be  considered  the  lowest  and  highest  practical 
operational  frequencies.  At  the  lower  frequency  (15O  me)  the  tracking  range 
is  greater  for  a  given  antenna  power  but  the  antenna  size  is  larger.  At  the 
higher  frequency  (216  me)  the  antenna  size  is  reduced  by  one  third  but  the 
tracking  range  is  reduced  and  twice  the  transmitting  power  is  required 
compared  with  that  required  at  I50  me  to  maintain  a  2000-mile  altitude 
tracking  capability.  Soon  after  the  contractor  briefing  the  FCC  authorized 
the  use  of  15O.79  me  for  DOPLOC  dark  satellite  tracking.  Therefore,  subsequent 


plajinlng  was  based  on  the  use  of  the  150.79-iitc  frequency.  It  Is  of  Interest 
to  note  that  the  2l6-iiic  system  antenna  Guid  100-KW  transmitter  cost  estimates 
were  only  between  five  and  eight  per  cent  lower  than  for  the  150-mc  systems. 
Considering  that  Increased  transmitter  power  wo\ild  be  required  at  the  higher 
frequency  to  obtain  the  desired  range >  the  higher  frequency  system  would 
actually  be  more  expensive  to  Install. 

During  the  analysis  of  the  proposals,  an  Important  disclosure  was  made 
regarding  what  appears  to  be  a  theoretical  limit  to  the  use  of  a  circular 
array  or  Wullenweber  type  antenna  where  the  wide  dimension  of  the  fan  beam 
must  be  tilted  away  from  the  plane  of  the  array.  The  effect  la  that  the 
tilted  swept  beam  degenerates  at  low  elevation  angles.  When  this  effect 
was  called  to  the  attention  of  the  contractors  who  had  proposed  using  a 
circular  scanned  array  It  stimulated  a  rather  extensive  theoretical  study 
of  this  problem.  Kie  general  conclusion  Is  that  for  a  4  x  40  degree  beam 
such  as  was  required  for  the  scaled  down  model  the  pattern  degeneration 
could  be  tolerated.  However  for  1  x  60  degree  beams  an  extreme  amount  of 
compensation  would  be  required  or  the  beam  would  degenerate  from  a  line  into 
a  "bow  tie"  effect  which  would  destroy  its  low  angle  coverage.  Since  one  of 
the  conditions  of  the  specification  required  that  the  design  be  capable  of 
scaling  up  to  the  two  megawatt  1  x  60  degree,  1000-mile  base  line  system, 
the  circular  array  antenna  proposals  were  excluded  from  the  final  consider¬ 
ation.  In  general  these  designs  were  characterized  by  considerable  complex¬ 
ity,  high  cost  and  some  new  component  development  requirements. 

Ultimately,  the  cost  and  available  funds  really  determined  the  choice 
of  antenna  system  proposed  for  the  scaled  down  model.  The  cheapest  antenna 
consisted  of  a  linear  array  of  Yagl  antennas  mounted  on  a  rotating  boom 
73  feet  In  length.  Sixteen  Yagls,  each  having  seven  elements,  were  used  to 
form  the  proposed  4  x  40  degree  beam.  Two  arrays,  pointed  120  degrees 
apart,  were  mounted  on  the  boom  to  provide  continuous  scanning  of  the  fan 
beam  with  continuous  rotation  of  the  boom.  One  array  was  to  be  switched  to 
the  feed  line  when  its  beam  was  ten  degrees  above  the  horizon,  then,  after 
scanning  to  within  10  degrees  of  the  opposite  horizon.  It  was  switched  off 
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and  the  other  array  switched  on.  Four  scans  per  minute,  all  In  the  same 
direction,  were  to  he  made  by  a  rotational  rate  of  two  revolutions  per 
minute.  All  polarizations  (circular  right  or  left  hand  and  linear  vertical 
or  horizontal)  were  to  be  provided  by  the  use  of  crossed  Yagl  elements. 

The  desired  polarization  was  to  be  selectable  by  changing  feed  connections 
to  the  Yagl *8. 

Synchronization  of  the  transmitting  and  receiving  antenna  beams  was  to 
be  accomplished  by  a  servo  motor  controlled  drive  system  which  was  synchro¬ 
nized  to  a  precision  frequency  standard  at  each  station.  Synchronization 
was  to  be  maintained  under  winds  up  to  80  m/hr.  There  was  some  question  as 
to  whether  a  rotating  boom  type  of  antenna  could  be  scaled  up  to  a  1  x  60 
degree  beam  capable  of  handling  two  megawatts  of  power.  One  contractor  did 
submit  a  mechanical  design  for  such  an  antenna. 

A  more  expensive  antenna,  but  one  which  sefflned  more  readily  adaptable 
to  scaling  to  the  ultimate  system  requirements  consisted  of  two  complex 
curved  surfaces  arranged  back  to  back.  Each  curved  surface  was  Illuminated 
by  a  set  of  horns  to  produce  an  eighty-degree  scan  from  ten  degrees  above 
the  horizon  to  vertical  or  Just  beyond  vertical.  The  horns  were  fed  In 
sequence  from  an  organ  pipe  scanner.  One  set  of  horns  and  its  reflector 
scanned  from  10  degrees  above  the  horizon  up  to  vertical.  The  power  would 
then  be  fed  to  the  other  set  of  horns  and  the  scan  continued  frcm  the  vertical 
down  to  10  degrees  above  the  opposite  horizon.  This  constituted  a  basically 
new  approach  where  instead  of  sequentially  feeding  a  large  number  of  radiating 
elements  located  on  the  periphery  of  a  circle,  only  a  relatively  small  number 
of  elements  are  fed  and  the  curved  reflecting  storfaces  form  the  narrow  beam. 
The  resultant  reduction  In  complexity  is  considerable  and  a  much  desired 
degree  of  versatility  la  gained  in' control  of  beam  pattern  shape  and  polari¬ 
zation.  Figure  59  shows  a  drawing  of  the  proposed  6U3tenna  design. 

- .  This  reflecting  type  antenna  appears  to  be  the  best  design  for  meeting 
the  DOPLOC  requirements.  The  scemner  provides  accurate  angular  information 
relative  to  the  position  of  the  beam  once  the  system  has  been  calibrated. 

It  also  has  the  ability  to  be  scaled  to  the  1  x  6o  degree  beam  with  the  two 


"THE  INFORMATION  HEREON  IS  PROPRIETARY  AND  THE  FACT  THAT 
A  PERSON  MAY  BE  GIVEN  ACCESS  THERETO  UNDER  GOVERNMENT 
PROCEDURES  IS  NOT  DEEMED  A  LICENSE  TO  USE  SAME  WITHOUT 
THE  EXPRESS  WRITTEN  APPROVAL  OF  MELPAR." 

Figure  39  Proposed  Antenna  Design 

Melpar,  Inc. 


megawatts  power  handling  capahilitles .  The  organ  pipe  scanner  and  horn 
feed  system  have  been  designed  and  tested  out  In  other  Installations. 
Therefore  the  engineering  Information  is  available.  In  view  of  the  larger 
cost  of  the  horn  fed  reflecting  antenna  and  the  desire  to  obtain  as  much 
information  as  was  practical  from  the  scale  model  Installation,  one  pair 
of  organ  pipe  scanned  antennas  was  recommended  for  the  Aberdeen  -  Caa^) 
Blanding  base  line  and  one  pair  of  mechanically  rotated  Yagi  arrays  was 
recommended  for  the  Camp  Blanding  -  Forrest  City  base  line.  In  fact,  when 
the  future  of  the  program  was  in  doubt, several  research  programs  ranging  in 
amount  of  effort  from  the  Installation  of  a  single  base  line  in  accordance 
with  the  lowest  priced  proposal  to  two  base  lines  of  the  scanned  reflector 
antenna  system  at  several  times  the  minimum  cost  were  proposed  to  ARPA. 

All  of  these  proposed  programs  were  directed  toward  arriving  at  a  set  of 
specifications  for  an  ultimate  or  Improved  DOPLOC  system.  As  a  byproduct 
of  these  programs,  the  application  of  DOPLOC  to  the  anti -satellite  defense 
problem  was  to  be  studied.  Although  tentative  plana  were  made  to  install 
the  scaled  down  base  lines  axid  a  site  was  obtained  at  Camp  Blanding,  Florida, 
ARPA  did  not  approve  this  part  of  the  program.  The  project  was  therefore 
deactivated  without  field  testing  the  scanning  beam  concept. 
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VI.  SUFPORTINa  STUDIES 
A.  Seannlng  Antenna  CoTrage 

A  study  vat  eonduotsd  to  dstermlne  the  nuaber  of  satellite  passes 
aeroM  each  of  the  two  proposed  base  lines,  easy)  Blandlng  •  Aberdeen  and 
Ceop  Blending  •  Forrest  City,  and  the  length  of  tine  that  the  satellite 
would  be  in  the  antenna  beam  during  each  pass.  This  was  aeecuplished  by 
using  a  nap  of  the  lAiited  States  and  representing  the  U  x  degree  antenna 
patterns  as  two  space  volumes,  each  having  a  width  of  800  miles,  a  height 
of  400  miles  and  a  length  equal  to  the  distance  between  the  stations.  This 
distance  for  the  Aberdeen  *  Caaqp  Blandlng  base  line  Is  730  miles,  while  the 
Forrest  City  -  Caag?  Blandlng  base  line  IS  6l0  miles. 

Using  satellite  predictions  furnished  by  Space  Track  Control  Center, 
each  satellite  was  examined  during  the  period  indicated  and  the  tot£a 
number  of  passes  crossing  each  base  line  was  recorded.  The  length  of  time- 
In-beam  for  each  pass  was  calculated  utilising  the  sub- satellite  trace  and 
assuming  a  nominal  satellite  velocity  of  five  miles  per  second.  A  tabula¬ 
tion  of  results  Is  shown  in  Table  VI  -  1  and  a  graphical  representation  Is 
displayed  In  Figures  40  through  4^ . 


K) 


sassvd  nviOi  jo  % 


152 


•V  S  ‘O  Nl  3QVW 

OO  N3®ZA3ia  3N3r>n3 


W3NI  H3ci  01  X  Ol 

yl.jyri  Wiivyo  N-30Zl3ia  oi-  OPC  ON 


UGENE  D1ETZGEN  CO. 


NO  340  -lO  DIETZGEN  GRAPH  PA4^tR  EUGENE  DiETZGEN  CO 


NO  340  -SO  J'iJlTZGf.N  PAt-fp*  €OGENE  OIETZGEN  CO. 

JO  \  to  F’TH  JNCH'  ‘rfADt  IP4  a.  S  A. 


156 


JN  Ml 


45r59 


lABIZ  VI  -  1 

1.  Base  Line 

Aberdeen  Proving  Ground ,  Maryland  *  Caap  Blending,  Florida  (AFO) 
Forrest  City,  Arkansas  -  Catop' Blending,  Florida  (FCY) 

...  Overlap-Area  encompassed  by  both  of  above  patterns. 

2.  Satellites  and  Period  Examined 

1958  Delta,  1  May  1959  -  1  Decemiber  1959 

1958  Epsllcui,  1  May  1959  **  25  October  1959  (Decay) 

1959  Epsilon,  13  August  1959  (Launch)  -  23  September  1959  (Decay) 
1959  Zeta,  19  August  1959  (Launch)  -  £0  October  1959  (Decay) 

1959  Iota,  13  October  1959  -  1  December  1959 

1959  Kappa,  7  November  1959  (Launch)  -  26  November  1959  (Decay) 

3.  Altitude  Distribution 


5 

APG 

FCY 

OVERLAP 

Total  Passes 

814 

750 

447 

Passes  Below  401  MLles 

400 

577 

221 

Percentage  of  Total  Below  401  Miles 

49.1 

50.3 

49.4 

4.  Time- In-Beam  Distribution  , 

For  APG  base  line  53. 0  ^  of  passes  are  in  the  beam  from  150  -  179  secs 
For  FCY  base  line  54.6  ^  of  passes  are  in  the  beam  from  120  -  l64  secs 
For  overlap  pattern  59.8  of  passes  are  in  the  beam  from 
120  -  l64  secs .  '  . 

It  can  be  seen  from  these  data  that,  of  the  two  proposed  base  lines, 
the  Aberdeen  -  Camp  Blandlng  base  line  was  the  most  promising,  both  from 
the  ateuidpolnt  of  total  number  of  passes  end  from  the  tlme-in-beem  of  these 
passes.  The  long  base  line  accounts  for  the  larger  total  number  of  passes, 
while  the  geographical  location  of  Aberdeen  and  Camp  Blandlng  is  such  that 
a  satellite  having  an  orbital  inclination  of  from  50  to  90  degrees  crosses 
the  pattern  nearly  diagonally  and  therefore,  is  within  the  beam  a  greater 
length  of  time.  The  data  also  show  that  it  will  be  necessary  to  decrease 
the  antenna  scan  time  from  15  seconds  to  7  l/2  seconds  per  scan  to  provide 
10  -  20  DOPLOC  hits  per  pass  for  the  majority  of  passes  crossing  the  base  line. 


B.  Cosmic  Noise  and  Interference  at  150.79  inc 


Following  the  assignment  hy  the  Federal  Communication  Commission  of 
150.79  me  for  the  DOPLOC  frequency  a  study  was  made  of  the  radio  interfer¬ 
ence  occurring  over  the  frequency  hand  of  IU8  -  155  me.  A  standard  dipole 
antenna,  a  preamplifier,  a  sensitive  receiver  and  a  decibel  meter  were  used 
in  the  study.  Graphic  recordings  of  signal  level  were  also  made.  Taxi 
service  dispatch  signals  were  observed  at  149  and  155  me.  Except  for  cosmic 
and  receiver  noise  the  band  from  150  -  151  me  was  clear.  Calibrating  the 
db  meter  to  an  arbitrary  sceile  reading  of  10  when  the  preamplifier  was 
terminated  with  50  ohms  showed  a  cosmic  noise  ranging  from  O.5  to  I.75  db 
above  the  reference  point.  Starting  at  O8OO  hours  local  time  the  noise 
gradually  increased  to  a  peak  at  aroxmd  1200  hows  and  then  decreased  toward 
evening.  Using  the  same  equipment  and  reference  point  but  tuned  to  108  me 
the  noise  level  ranged  from  1.5  to  3  db  above  the  reference  with  a  similar 
amplitude  distribution  as  a  function  of  time  between  O8OO  and  I63O  hours. 

No  local  interference  was  observed  except  when  vehicles  passed  within  about 
200  yards  of  the  antenna. 

C.  Circtilating  Memory  Filter 

In  order  to  obtain  the  raaximxma  benefit  of  narrow  band  techniques  in  the 
interim  system,  phase -locked  tracking  filters  were  used.  These  filters 
were  supplied  by  the  Interstate  Electronic  Corporation,  Anaheim,  California. 
The  filters  were  designated  Phase  Locked  Tracking  Filter  Model  IV,  and  had 
been  developed  by  Interstate  for  BEIL  under  a  series  of  research  contracts. 
When  the  scanning  beam  antenna  concept  was  developed  it  became  apparent 
that  the  time  on  target  would  be  quite  short  and  that  a  large  amount  of  data 
co\ild  be  generated  by  multiple  targets.  Only  approximately  0.1  second  of 
time  would  be  available  to  lock  onto  a  signal  and  to  measure  the  frequency. 
This  type  of  performance  seemed  to  be  beyond  the  capability  of  any  type 
filter  which  operated  on  the  principle  of  the  Interstate  unit. 

The  Electronics  Research  Laboratories  of  Columbia  University  were 
known  to  have  developed  a  frequency  estimator  using  coherent  integration 
detection  methods  for  the  CRDIR  radar.  Contract  DA- 30- 069-509- ORB- 2748 
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was  therefore  negotiated  with  Columbia  University  to  caver  a  study  of 
the  applicability  of  the  ORDIR  system  techniques,  to  the  tracking  of  passive 
satellites.  Final  Report  No.  F/15T>  No.  14  of  the  BRL  DOPLOC  Satellite 
Fence  Series  entitled  "Summary  of  The  Preliminary  Study  of  the  Applica¬ 
bility  of  the  ORDIR  System  Techniqiies  to  the  Tracking  of  Passive  Satellites", 
Columbia  University,  School  .of  Engineering,  resulted  from  this  study.  This 
report  contains  the  results  of  a  study  into  the  problems  of  coherent  inte¬ 
gration  and  frequency  estimation  in  the  DOPLOC  CW  Doppler  earth  satellite 
tracking  system. 

Specifically  the  report  discusses  the  incorporation  of  the  coherent 
signal  processer  known  as  the  Circulating  Memory  Filter  (CMF)  into  the 
satellite  tracking  system.  After  the  parameters  of  the  system  are  reviewed 
the  theory  of  operation  of  the  CMF  is  presented.  The  coherent  integration 
of  signals  and  the  resultant  improvement  in  the  signal- to- noise  ratio  are 
discussed  and  the  problems  involved  in  distinguishing  signals  from  noise  by 
means  of  a  threshold  test  are  investigated,  all  with  particular  reference 
to  the  CMF.  A  technique  for  estimating  the  frequency  of  a  sinusoidal  input 
to  the  CMF  and  an  Implementation  of  the  technique  are  also  investigated. 
Finally  the  requlraBents  Imposed  by  the  CMF  on  the  ranainder  of  the  satel¬ 
lite  tracking  system  are  discussed.  These  include  requirements  for  the 
receiver  which  furnishes  the  CMF  input  and  for  the  data  recording,  trans¬ 
mitting  and  processing  equipment  which  makes  use.  of  the  CMP  output. 

The  detailed  specifications  for  the  CMF  recommended  for  use  in  the 
satellite  tracking  system  are  extracted  fraa  the  Columbia  University  report 
into  this  report.  Also  included  are  specifications  for  a  frequency  esti¬ 
mator  to  accept  the  CMF  output  and  furnish  digital  data  to  a  computer  and 
for  a  receiver  which  would  present  acceptable  input  signals  to  the  CMF. 

See”  Section  VI  -  D. 

■  —  1.  The  Digital  Frequency  Readout  (DFR).  The  basic  video  signal 
produced  in  the  CMF  represents,  in  analog  form,  a  frequency  analysis  of 
the  CMF  input  signal.  The  time  positions  of  the  peaks  in  the  video  wave 
foTO  are  measures  of  the  discrete  frequencies  present  in  the  CMF  input 
signal.  The  use  of  a  threshold  crossing  device  in  the  CMF  resvilts  in  a 


convMrslCMi  of  the  video  analog  data  into  a  discrete  form.  Itore  s^clflcaJJ^ 
a  pulse  will  he  generated  at  the  Instant  the  video  Increases  above  the  appro 
prlate  threshold  and  another  pulse  will  be  generated  at  the  Instant  the 
video  decreases  below  this  threshold.  Such  a  pair  of  pulses  will  occur  for 
each  frequency  cooqionent  present  at  tie  CMF  Input  and  of  sufficient  ampli¬ 
tude  to  exceed  the  detection  threshold. 

The  object  of  the  DFR  Is  to  convert  the  data  (frequency)  pulses  at  the 
output  of  the  CMF  unit  Into  binary  numbers  which  represent  the  uninown 
frequencies.  One  method  of  accomplishing  this  is  shown  in  Figure  46.  Enter 
Ing  on  the  left  of  this  figure  Is  the  output  of  the  CMF  unit.  For  the 
purpose  of  this  explanation,  it  is  assumed  that  three  unknown  frequencies 
are  present  and  all. of  these  will  be  read  out. 

The  first  pulse  of  a  pair  of  calibrate  pulses  causes  the  train  of  clock 
pulses  to  appear  at  lines  la,  2a  and  3a  at  the  respective  outputs  of  the 
logic  blocks.  These  pxilse  trains  are  applied  throu£di  binary  stages  (flip- 
flops)  to  the  counters  In  sections  1,  2  and  3*  The  second  calibrate  pulse 
causes  the  train  of  clock  pulses  at  lines  la,  2a  and  3a  to  be  shifted  to 
lines  lb,  2b  and  3b,  reBi>ectively,  thereby  bypassing  the  binary  stages. 

The  effect  of  this  is  to  divide  the  number  of  clock  pulses  existing  between 
the  pair  of  calibrate  pulses  by  two.  Hence  any  count  registered  later  on 
a  counter  will  indicate  the  number  of  clock  pulses  occurring  from  the 
average  time  instant  between  the  calibrate  pulses  to  the  Instant  when  the 
counter  was  stopped.  The  average  time  between  threshold  crossings  is  a 
good  measxjre  of  the  applied  frequency  since  this  method  estimates  the  time 
of  occurrence  of  the  peak  in  the  video  signal.  After  the  second  calibrate 
pulse  has  occurred,  then,  the  clock  pulses  are  entering  all  three  counters 
alcmg  lines  lb,  2b  and  3b,  respectively.  When  the  first  data  pulse  of  the 
first  pair  of  data  pulses  occurs,  the  clock  pulses  are  switched  so  that  the 
counter  is  counting  at  half  its  previous  rate.  The  second  pulse  of  the 
first  pair  of  data  pulses  causes  the  counter  of  section  1  to  stop.  The 
count  thereby  registered  is  the  number  of  clock  pulses  between  the  center 
of  the  calibration  pulses  and  the  center  of  the  first  pair  of  data  pulses. 
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ORDER  OF  10  MC. 


Fig.  46  An  Implementation  for  the  DFR 


When  the  counter  of  section  1  is  stopped,  the  logic  unit  of  section  1 
sends  a  signal  to  the  logic  unit  of  section  2  in  order  to  prepare  it  for 
responding  to  the  next  pair  of  data  pulses.  The  second  pair  of  data 
pulses  then  causes  a  count  to  be  registered  on  the  counter  of  section  2 
in  a  manner  similar  to  that  described  above.  The  third  pair  of  data 
pulses  causes  the  counter  of  section  5  to  stop. 

A  clock  pxilse  rate  of  about  10  me  is  reasonable  since  this  has  a 
period  of  0.1  iis,  which  corresponds  to  a  frequency  quantization  of  about 
2  cps  (using  the  conversion  factor  of  20  cps/^s).  If  a  10-mc  clock  rate 
were  used,  the  maximum  count  possible  in  1  ms  is  10,000.  This  requires  a 
14  bit  register.  The  Implementation  presented  here  is  only  one  of  a 
number  of  possibilities  and  is  given  as  an  illustration  of  the  general 
nature  of  the  implementation  problem. 

2.  Digital  Data  Recording  and  Data  Rates  for  CMF.  In  this  study  it 
was  assumed  that  the  following  data  would  be  recorded  whenever  a  "frequency 
readout"  occurred: 

a.  Time  (of  occurrence  of  a  frequency  readout). 

b.  Antenna  beam  elevation  angle. 

c.  Echo  frequency  count  (up  to  three  counts). 

To  determine  the  average  data  transmission  rate  it  was  assumed  that: 

1.  On  every  scan  of  the  antenna  beam,  one  target  readout  occurs. 

2.  On  every  scan  of  the  antenna  beam,  one  meteor  echo  is  observed. 

5.  The  meteor  and  target  readouts  do  not  occur  simultaneously. 

Based  on  a  reasonable  false  alarm  probability,  the  data  rate  derived  has 
an  average  rate  of  about  l8  hits  per  second.  As  an  indication  of  chaiuael 
capacity,  a  7’ channel  teletype  operating  at  65  words  per  minute  has  a 
capacity  of  about  l8  hits  per  second.  Thus  the  recording  rate  required 
was  not  found  to  be  excessive. 

5.  CMF  DOPLX  Receiver  Specifications. 

a.  Receiver  Bandwidths.  The  receiver  pre-detection  bandwidth  should 
be  large  enough  to  accommodate  the  24  kc  Doppler  frequency  range,  but  not 
so  large  as  to  enable  extraneous  echoes  to  be  processed.  Although  the  CMP 
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provides  large  rejections  for  signals  outside  of  its  12-kc  input  frequency 
range,  such  signals  might  produce  undesirahle  inter -modulations  or  cause 
temporary  saturation  of  the  Cl®’  input  circuitry.  A  1  db  pre-^detectlon 
bandwidth  which  is  no  larger  than  20  kc  and  no  smaller  than  15  kc  was  speci¬ 
fied  for  the  i.f.  stage  which  feeds  the  CMF.  The  receiver  pre-detection 
band  pass  characteristics  must  be  maintained  flat  over  the  entire  24-kc 
Doppler  frequency  range.  Since,  the  CMP  rejection  characteristics  are 
specified  to  be  flat  to  +  1  db  (maximum)  within  its  12-kc  freqxoency  cover¬ 
age,  the  receiver  characteristics  should  be  roughly  +  .1  db  to  prevent 
further  deterioration. 

b.  Frequency  Scan.  The  receiver  will  scan  the  twenty-four  kc  Doppler 
frequency  range  in  two  steps  (12  kc  per  stage).  Each  frequency  scan  will 
be  actuated  by  a  command  pulse  which  is  generated  by  the  CMP  at  the  termi¬ 
nation  of  its  integration  period. 

c.  Dynamic  Range.  The  receiver  must  meet  the  following  dynamic  range 
specifications : 

1.  For  a  noise  free,  sinusoidal  input  voltage  of  amplitude  55  db'rms 
at  any  frequency  in  the  2h-kc  frequency  coverage,  all  receiver  output 
spurious  responses  shall  be  more  than  40  db  (with  z*espect  to  the  Input) 
below  the  output  peak  response. 

2.  For  a  noise  free  Input  signal  consisting  of  two  sinusoids  each  of 
amplitude,  55  db  rms  and  at  different  frequencies  within  the  24-kc  coverage 
all  receiver  output  spurious  responses  shall  be  more  than  40  db  (with 
respect  to  the  input)  below  the  output  peak  response.  Spurious  responses 
generated  in  the  receiver  outside  the  1  kc  channel  containing  the  signal 
must  be  kept  55  4b  below  the  signal  peak. 

d.  Receiver  Gain  and  Voltage  Levels.  As  a  compromise  between  CMF  and 
AGC,.  requirements  and  loss  in  detectability  due  to  the  addition  of  CMF  and 
receiver  noise,  the  receiver  gain  was  set  at  such  a  level  that  the  sum  of 
the  CMF  and  receiver  noise  would  attain  a  level  of  about  lldb.  This 
ccirresponds  to  a  loss  in  detectability  of  about  0.4  db  and  to  a  maximum 

CMF" AGC  requirement  of  about  15  db,  that  is,  to  a  maximum  signal  of  about  70  4b. 

;*^,.j.^,The  db  values  quoted  are  relative  to  the  usiial  reference  level  of  CMF 
internal  noise  referred  to  the  CMF  input. 


e.  Timing  Pulses  and  Auxiliary  Outputs.  The  receiver  must  also 
supply  (in  binary  form)  all  remaining  information  not  supplied  by  the 
CMF  that  Is  either  necessary  for  computing  purposes  (receiver  oscillator 
settings,  absolute  time,  etc)  or  desirable  to  record  (gain  settings, 
antenna  positions  etc ) . 

f.  Automatic  Noise  Level  Control.  During  the  antenna  seem  period, 
cosmic  noise  fluctuations  may  cause  the  receiver  noise  level  to  vary  by 
several  db.  Such  fluctuatlcma  could  cause  a  large  Increase  in  the  system 
false  alarm  probability  and  might  therefore  result  in  a  temporary  satu¬ 
ration  of  the  data  transmission  equipment.  To  control  these  fluctuations 
an  automatic  leArel  control  technique  which  changes  the  gain  setting  only 
when  changes  In  the  noise  level  have  occurred  is  required.  A  parallel 
control  scheme  with  the  following  design  factors  Is  recommended: 

1.  An  accurately  calibrated  receiver  gain  bias  characteristic  of 
sufficient  dynamic  range  to  allow  correction  for  anticipated  input  noise 
variations . 

2.  A  gain  stability  In  both  the  receiver  and  estimator  channels 
sufficient  to  maintain  the  above  calibration. 

The  overall  response  of  the  DOPLOC  receiver  shall  be  such  aa  to 
supply  the  following  to  the  input  of  the  Circulating  Memory  Filter: 

1.  Carrier  Frequency  -  11  me. 

2.  Bandwidth  (l  db  points).  No  lar^r  than  20  kc  and  no  smaller  than 
15  he . 

3.  R^E  Voltage  Levels.  11  mv  +  1  mv  minimum  detectable  signal, 

560  mv  +  6  mv  maximum  processed  signal  to  4  volts  maximum  output 
signal. 

4.  Receiver  Gain.  The  receiver  shall  have  a  gain  such  that  the  rms 

value  of  Its  output  noise  (after  AGC)  shall  be  nominally  3.6  mv  + 
0.5  mv  in  a  10-cps  band. 

5.  Receiver  Noise  AGC.  The  receiver  shall  have  a  noise  actuated  AGC 
such  that  the  receiver  output  noise  remains  constant  to  within 

+  6.2  db. 
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6.  Frequency  Stability.  All  local  oecillatorB  shall  have  a  stability 
or  be  80  recorded  that  the  output  frequency  uncertainty  is  less 
than  2  cps  (standard  deviation)  and  2  cps  mean. 

7,  Output  Resistance.  100  ohms  to  feed  the  100  ohm  Input  resistance 

/^■P  nuts' 

6.  Frequency.  Scan.  The  DOPLOC  receiver  shall  scan  the  2lt-Kc  expected 
frequency  range  in  two  steps  (12  kc  per  step). 

9.  Timing  Pulses.  The  DOPLOC  receiver  shall  supply  "integrate  Start" 
pulses  to  the  CMF  at  a  prf  of  10  per  sec.  tlhese  shall  be  positive 
pulses  and  shall  have  asq^itudes  of  at  least  ?  volts ,  into  a 
lOO-oha  load/  rise  and  fall  tines  (lO  per  cent  to  90  per  cent  of 
peak  amplitude)  of  not  more  than  l/2  |jaec.>  and  duration  (between 
90  per  cent  points)  of  not  less  than  1  usee  nor  more  than  ?  psec. 

D.  Circulating  Memory  Filter  Specification 

The  following  specification  is  extracted  from  Columbia  University 
Report  "Summary  of  the  Preliminary  Study  of  the  Applicability  of  the  ORDIR 
System  Techniques  to  the  Tracking  of  Passive  Satellites",  11  February  i960, 
Appendix  B.  These  specifications  are  quoted  here  because  they  do  not  other¬ 
wise  appear  in  a  BRL  report.  Readers  not  interested  in  detail  of  the  CMP 
specification  are  advised  to  omit  this  section. 

1.  Spectrum  to  be  Analyzed  (Frequency  Coverage ) : 


r  ,  _ 

f  +J..U 


f  .  - 

I  +J..U 


10,994.0 


to  11,006.0 


^-0.0  keps 


Input  Resistance. 


100  +  2  ohms 


3.  Effective  Input  Holse  Voltage.  The  noise  generated  by  the  CMF 
shall  be  such  that  if  a  1.0  mv  rms  noise  voltage  per  10-cps  bandwidth  Is 
applied  to  the  input,  the  output  noise  shall  increase  by  no  less  than  3  db. 
The  nominal  value  of  effective  input  noise  (self -generated)  equal  to  1  mv  ms 
per  iO- cps  bemdwidth  is  thus  defined.  All  subsequent  voltage  levels  shall  be 
expressed  in  db  above  1  mv  (CMF  noise  in  lO-cps  bandwidth  is  at  0.0  db). 
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j*.  Nomlneg  RJC  Input  Signal  Levels,  (db  above  CMF  noise  In  a 
10  cps  band) 

a.  Receiver  plus  CMF  noise  per  10  cps  band  ...  11.0 


b.  Receiver  noise  per  12  1e;cb  band . 41.6 

c.  Minimum  detectable  signal . 21.4 

d.  Maximum  (unlimited)  signal . 70.0 


5.  Nominal  Coherent  Integration  Time.  Variable  from  20  msec  to  110  msec 
in  approximately  1  msec  steps.  All  specifications  shall  be  met  after  inte¬ 
grating  during  a  nominal  integration  time  of  95  msec. 

6.  Integration  Start.  The  CMF  shall  begin  to  integrate  an  input 

* 

voltage  not  more  than  1.0  ms  after  receiving  an  integrate  start  pulse.  !IM.s 
pulse  vill  have  the  foLloving  characteristics; 

a.  polarity:  positive 

b.  amplitude:  5  volts  or  greater  across  100  ohms 

c.  duration;  between  1  and  5  kisec 

d.  risetime:  0.5  Wec  (10  per  cent  to  90  per  cent) 

e.  period:  nominally  one  pulse  every  100  ms. 

The  repetition  rate  acceptable  to  the  CMF  shall  be  from  9  pulses  per  sec  to 
40  pulses  per  sec. 

7.  Dead  Time.  The  nominal  dead  time  shall  be  within  1  msec  of  the 
difference  between  the  Input  p\ilse  period  and  the  set  Integration  time  but 
shall  never  be  allowed  to  become  smaller  than  4  msec. 

8.  Linear  Operating  Range.  For  any  single  sinusoidal^  noise  free 
input  signal  within  the  frequency  coverage,  having  an  rms  amplitude  between 
l6  db  and  36  db  there  shall  exist  a  linear  relation  between  rms  Input 
voltage  amplitude  and  peak  video  output  voltage.  Linearity  is  here  defined 
to  be  within  5  per  cent  for  the  best  linear  fit. 

9 .  Frequency  Coverage  Ripple .  For  an  input  sinusoid  of  constant 
aji5)lltude  between  l6  db  and  36  db,  the  CMF  video  output  shall  be  constant 
to  within  +  1  db  for  all  input  frequencies  within  the  frequency  coverage. 


*  Externally  supplied 


147 


10.  Selectivity.  For  a  sliiusoidal,  noise  free  input  signal  at  aiqr 
frequjency  within  the  frequency  coverage  and  of  amplitude  no  greater  than 
55  dh  and  no  less  than  l6  dbj  the  output  selectivity  shall  be  as  shown  in 
Figure  47.  All  side  lobe  responses  must  be  at  least  40  db  below  the 
effective  peak  response  for  all  Inputs  up  to  55  db,  All  specifications 
pertain  to  that  part  of  the  characteristics  which  lies  below  56  db  (linear 
operating  range). 

11.  Signal  Enhancement.  The  selectivity  characteristic  as  specified 
shall  be  obtained  without  causing  the  signal  enhancement  to  fall  more  than 
1.7  db  below  that  obtainable  from  an  Ideal  coherent  integrator,  for  an 
input  signal  not  more  than  JO  db. 


12.  Spurious  Response  Levels. 

a.  For  a  noise  free,  sinusoidal  input  voltage  of  amplitude  55  db  rms 
at  8uiy  frequency  in  tte  frequency  coverage,  all  output  spurious  responses 
shall  be  more  than  40  db  (with  respect  to  the  input)  below  the  output  peak 
response . 

b.  For  a  noise  free  input  signal  consisting  of  two  sinusoids  each  of 
amplitude  55  db  rms  and  at  different  arbitrary  frequencies  within  the 
coverage,  all  spurious  responses  shall  be  more  them  JO  db  below  the  main 
responses  (with  respect  to  the  input).  This  voltage  level  shall  be  called 
the  dynamic  processing  limit. 


IJ.  Signal  Limiting  AGO.  The  CMP  shall  supply  a  signal  limiting  AGC 
which  does  not  significantly  deteriorate  the  specified  selectivity  charac¬ 
teristic  and  spurious  response  levels  (items  9-12).  There  shall  be  an 
independent  AGC  for  each  time  multiplexed  channel.  Each  AGC  shall  be 
designed  so  as  to  meet  the  minimum  specifications  shown  in  Figure  48.  In 
this  figure,  both  the  input  to  the  AGC  and  its  output  have  been  normalized 
with  respect  to  the  input  terminals  of  the  CMF.  The  absolute  gain  and 
signal  levels  that  are  processed  by  the  AGC  shall  be  chosen  so  as  to  best 
compliment  CMF  design.  The  salient  features  of  the  AGC  are: 

-V  1 

a.  For  all  inputs  between  10  and  40  db  the  output- input  character- 

istic  shall  be  linear  to  within  5  per  cent  (best  linear  fit). 
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b.  For  all  inputs  between  40  and  70  db  there  Is  an  acceptable  region 
of  AGO  action  as  shown  In  Figure  48  but  under  no  circumstances  shall  the 
output  exceed  55  db  for  all  Input  signals  up  to  70  db. 

c.  For  all  Inputs  below  10  db  the  AOC  output  should  be  such  as  to  not 
degrade  system  perforaance. 

d.  The  AGO  gain  must  be  reset  at  least  once  during  each  Integration 
time  for  each  mviltlplexed  channel  l.e,.  It  need: not  be  continuously  In  oper¬ 
ation  during  the  integration  time. 

14.  Video  Outputs.  The  last  circulation  time  of  the  Integration  time 

* 

shall  be  called  the  display  period.  The  thirteen  time  Intervals  during  the 
display  period  which  contAln  the  thirteen  time  multiplexed  channels  shall 
be  called  the  channel  display  times.  The  following  video  outputs  with 
appropriate  oscilloscope  synchronizing  pulses  shall  be  provided  by  the  CMF: 

a.  Entire  integration  time. 

b.  Gated  video  during  display  period. 

c.  Gated  video  during  each  channel  display  time. 

All  Video  outputs  shall  have  an  ampllt\ade  of  at  least  40  db  peak  Into  100  ohms 
for  a  noise  free  input  signal  of  20  db. 

15.  Display  Period  Start.  A  synchronizing  pulse  shall  be  provided  to 
Indicate  the  start  of  the  display  period.  This  pulse  shall  occiir  approx¬ 
imately  1  nsec  before  the  beginning  of  the  display  period  and  sheill  have 
the  electrical  characteristics  specified  for  the  timing  pulses  described  in 
Section  6 . 

16.  Threshold  Levels  and  Stability.  The  CMF  shall  provide  a  video 
threshold  which  shall  be  continuously  variable  from  15  to  55  db  with  a 
drift  of  less  than  +  0«2  db  during  any  time  Interval  no  shorter  than 
0.1  sec.  and  no  longer  than  the  time  between  calibrations.  The  nominal 
threshold  level  shall  be  24.4  db. 

This  threshold  shall  operate  on  all  video  output  signals  which  result 
from  input  signals  less  than  40  db.  For  video  output  signals  which  result 
from  input  signals  greater  than  40  db,  this  threshold  shall  operate  on  the 
video  after  It  has  been  attenuated  by  10  db.  This  operation  shall  be  automatic. 

Twelve  signal  channels  and  one  calibration  cheinnel 
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17.  Output  Data  Pulses  >  Eadh  tiine  during  the  display  period  that 
the  Yldeo  output  of  the  CMF  is  increasing  and  is  equal  to  the  threshold 

descrihed  in  Section  l6  the  CMF  shall  produce  a  pulse.  !Die  time  occur> 

* 

renee  of  this  pulse  shall  have  a  mean  value  within  0.05  ^isec  of  tlw  time 
that  the  threshold  is  equal  to  the  video  ovitput  and  shall  have  a  standard 
doriatlon  of  not  more  than  0.1  ^ec.  These  pulses  shall  he  positive  and 
have  An  amplitude  of.  at  least  2  volts >  rise  and  fall  times  (10  per  cent 
to  90  jper  cent  of  peak  amplitude)  of  no  move  than  O.O5  iisec,  and  a  duration 
(between  90  per  cent  points)  of  not  more  than  3  ^sec  nor  less  than  0.2  tisec. 

Each  time  during  the  display  period  that  the  video  output  is  decreasing 
and  is  equal  to  the  threshold  described  in  Section  I6  abovci  the  CMF  shall 
produce  a  pulse.  The  time  of  occurrence  of  this  pulse  shall  have  a  mean 
value  within  O.05  ^sec  of  the  time  that  the  threshold  is  equal  to  the  video 
output  and  shall  have  a  stemdard  deviation  of  not  more  than  0.1  usee.  The 
electrical  characteristics  of  these  pulses  shall  be  the  same  as  those  for 
the  data  pulses  described  above. 

The  pulses  marking  the  positive  going  threshold  crossings  shall  be 
provided  at  a  separate  output  terminal  from  the  pulses  marking  the  negative 
going  threshold  crossings. 

18.  Output  Impedance  Levels.  All  video  outputs,  synchronizing  pulses, 
and  oul^ut  data  pulses  shall  be  capable  of  driving  100  ohm  Impedances. 

19 ♦  External  Terminals . 

a.  Chassis  ground 

b.  Display  period  synchronizing  pulse 

c.  Output  data  pulses  (two  terminals  as  provided  in  Section  I7) 

d.  AGC  voltages 

e.  External  time  weighting  fxuiction  generator  with  disconnect  for 
built-in  time  weighting  function 

The  time  of  occurrence  of  the  data  output  pulses  shall  be  measvired  with 
respect  to  pulses  originating  from  the  calibration  signal  contained  in 
ui  the  calibration  display  channels  The  time  of  occurrence  specifications 
shall  apply  to  all  Input  signals  of  amplitude  between  21.4  db  sind 
55  db  and  a  threshold  setting  of  24.4  db. 
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f.  All  necessary  monitoring  functloris  for  alignment  and  operation 
as  determined  by  the  contractor. 

20.  Acceptance  Tests.  All  items  specified  shall  be  checked  for 
conformity  with  the  specifications  in  the  presence  of  BRL  representatives 
and  a  reliability  r\m  shall  be  made  such  that  the  equipment  shall  be 
observed  to  operate  satisfactorily  for  five  consecutive  days  at  eight  hours 
per  day.  During  this  five-day  period,  preventative  maintenance  and  check¬ 
out  shall  be  allowed  during  the  period  in  which  the  equipment  is  tvirned  off. 

21'.  CMF  Information  Available.  The  contractor  shall  supply  an 
instruction  report  sufficiently  comprehensive  to  allow  an  engineer  to 
perform  preventative  maintenance  and  generally  service  the  equipment.  The 
report  shall  cover  theory  of  operation  of  the  equipment,  block  diagrams, 
detailed  circuit  diagrams,  checkout  emd  preventative  maintenance  procedures, 
servicing  of  breakdowns,  etc. 

22 .  Ins t allat ion .  Installation  and  initial,  checkout  of  the  equip¬ 
ment  at  the  radar  site  shall  be  supervised  by  a  contractor  representative. 

23.  Power  Requirements.  The  equipnent  shall  operate  from  any  constant 
frequency  constemt  amplitude  power  source  whose  rms  amplitude  is  greater 
than  105  volts  but  less  than  120  volts  and  whose  frequency  is  greater  than 
50  cps  but  less  than  65  cps. 

E.  Studies  Relative  to  DOPLOC  Receivers 

1.  BRL  Report  No.  1093 ^  "The  Dynamic  Characteristics  of  Phase  Lock 
Receivers”  by  K.  A.  Pullen.  The  first  receivers  used  in  detecting  satellite 
signals  were  commercial  versions  of  the  R-390  A/urr  as  sold  by  Collins  Radio 
Company  iindertbe  model  number  J-51.  These  receivers  were  used  to  receive 
the  signals  from  the  first  Russian  Sputniks.  The  same  receivers  along  with 
type  R-39QA/urR  were  later  used  for  the  interim  DOPLOC  stations.  Since 
these  receivers  would  not  tune  above  32  me  modified  Tape-Tone  converters 
were  used  to  operate  at  IO8  me.  These  circuits  were  improved  through  the 
use  of  very  stable  frequency  standards  and  frequency  synthesizers  as 
heterodyning  frequency  sources.  Except  for  some  preamplifiers  and  special 
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mixing  circuits  the  interim  DOPLOC  receiving  equipment  used  essentially 
off-the-shelf  Items.  The  phase  locked  tracking,  filters  were  "built  to 
specifications  but  early  models  were  available  when  satellites  became  a 
reality. 

With  the  development  of  the  concept  of  scanning  beam  antennas  for 
the  DOPLOC  system,  it  became  obvious  that  more  sophisticated  receivers 
would  be  required.  The  first  study  made  resulted  in  BRL  Report  No.  1095 ^ 
January  i960,  entitled  '*The  Dynamic  Characteristics  of  Phase-Lock  Receivers", 
by  Keatsi  A.  Pullen,  Jr.  This  was  Report  No.  8  in  the  ARPA  Satellite  Pence 
Series.  The  report  treats  of  the  general  theory  of  phase  locked  circuits 
as  applied  to  small  an^jlltude  signal  detection.  Except  for  the  following 
conclusions  relative  to  the  receiver,  the  reader  is  referred  to  the  original 
report . 

a.  "Constant  sensitivity  to  phase  changes  requires  the  use  of  a 
phase  detector  In  the  signal  circuit  and  a  cross  correlation  type  detector 
in  the  gain  control  circuit,  so  that  the-  gain  action  is  controlled  by  the 
desired  signal  alone  and  not  the  signal  and  noise  together." 

b.  "The  limitation  of  phase  error  requires  either  the  use  of  a  common 

i 

l.f.  system  for  a  pair  of  signals  or  the  use  of  considerable  local  feedback 
on  all  of  the  r.f.  and  l.f.  amplifiers.  The  use  of  a  circuit  without  local 
feedback  around  the  l.f.  amplifiers  does  not  Introduce  phase  stabilization; 

It  only  introduces  a  compensating  phase  into  the  feedback  path.  Since  the 
phase  of  the  signal  in  the  feedback  path  is  used  as  a  measure  of  the 
received  phase,  no  removal  of  Internal  phase  errors  results  vmless  local 
feedback  over  the  individual  stages  is  used." 

c.  "Adjustment  of  the  phase-lock  loop  for  minimum  position,  velocity, 
and  acceleration  error  requires  the  use  of  a  rather  different  type  of 
circuitry  than  has  been  used  in  general  in  this  type  of  equipment.  The 
presence  of  frequency  compensating  circuits  between  the  phase  detector  and 
the .reactance  modulator  Introduces  neither  position  nor  velocity  error 
correction,  but  contributes  only  to  the  correction  of  the  acceleration 
error.  Correction  for  position  and  velocity  error  must  be  accomplished 
iri^the  feedback  loop." 

'llS  '".h 
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d.  "The  introduction  of  full  correction  for  velocity  error  requires 
the  use  of  a  phase  network  In  the  feedback  path  of  rather  unusual  charac¬ 
teristics.  Further  Investigation  of  this  portion  of  the  circuit  appears 
to  he  Justified." 

2.  DOPLOC  Receiver  Design  for  CMF.  BRL  Technlceil  Note  No.  1345, 
August  i960  entitled  "The  DOPLOC  Receiver  for  Use  with  the  Circulating 
Memory  Filter  "  hy  Kenneth  H.  Patterson.  Report  No.  18  In  the  ARPA  Satel¬ 
lite  Fence  Series,  discusses  a  radio  receiver  which  was  proposed  for  use 
with  the  Circulating  Memory  Filter.  Figure  49  is  a  schematic  block  diagram 
of  this  receiver.  Basically  it  consists  of  an  r.f.  amplifier  operating  at 
150,79  me  and  three  l.f.  amplifiers  with  automatic  gain  control  and  the 
stabilized  mixer  frequency  sources.  The  1st,  2nd  and  3rd  l.f.  amplifiers 
operate  at  19. 217296,  2.770708  and  10.994002  me  respectively.  The 
receiver  provides  the  specified  11  me  signal  output  to  the  circulating 
memory  filter.  The  required  frequency  stability  is  provided  by  bringing 
the  required  mixer  frequencies  from  frequency  standards  and  synthesizers. 

The  receiver  also  supplies  to  the  filter  the  "start  Integrate"  pulses.  For 
a  more  detailed  discussion  reference  is  made  to  the  above  mentioned  report. 

3.  Tests  of  Parametric  Pre-amplifiers.  BRL  Technlceil  Note  No.  1354, 
October  i960  entitled  "Parametric  Pre-Amplifier  Results"  by  K.  H.  Patterson. 
Report  No.  19  ,  ARPA  Satellite  Fence  Series  describes  the  results  of  a 
aeries  of  testa  with  some  parametric  amplifiers  supplied  by  Microwave 
Associates,  Inc.  These  amplifiers  were  rather  simple  In  so  far  as  physical, 
construction  was  concerned.  They  consisted  of  a  coaxial  cavity  ^Vlth  an 
Injection  and  a  pickup  loop.  The  50- ohm  loops  appeared  to  be  identical. 
Each  was  provided  with  a  standard  type  N  coaxial  cable  fitting.  A  coarse 
and  fine  tuning  adjustment  were  provided.  The  latter  was  actually  a 
modified  micrometer  mechanism.  Provision  was  also  made  for  mounting  a 
varactor  diode  and  an  adjustment  to  vary  a  capacitor  connected  In  series 
with  the  diode. 

First  results  with  the  parametric  amplifiers  were  very  disappointing. 

It  was  then  discovered  that  the  recommended  pump  frequency  was  the  wrong 
value  for  the  amplifiers.  Later  laboratory  tests  showed  the  amplifiers 
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Figure  49  Schematic  Block  Diagram  of  Receiver 


to  be  practical'  and  to  give  a  reduction  of  about  one  db  In  the  noise 
figure  of  the  receiver  system.  However,  later  attempts  to  use  these 
amplifiers  at  the  field  stations  gave  unsatisfactory  results.  The 
high  "Q"  clrciiit  seemed  to  be  sensitive  to  temperature  drift.  This 
sensitivity  combined  with  the  narrow  bandwidth  seriously  changed  the 
overall  performance.  Since  the  improvement  over  vacuum  tubes  was  only 
about  one  db  and  since  the  external  noise  was  frequently  higher  than 
the  receiver  input  noise,  no  further  attempt  was  made  to  overcome  the 
problems  associated  with  the  parametric  amplifiers. 

F.  Study  of  Orbital  Data  Handling  and  Presentation 

BRL  Technical  Note  No.  1265 >  June  1959 >  entitled  "Orbital  Data 
Handling  emd  Presentation"  by  R.  E.  A.  Putnam,  Report  No.  3  ARPA  Satel¬ 
lite  Pence  Series,  discusses  the  problem  associated  with  handling  the 
data  for  the  DOPLOC  system.  This  is  a  preliminary  study,  the  purpose  of 
which  is  to  present  the  relative  merits  and  limitations  of  various  alter¬ 
nates  proposed;  to  indicate  the  particular  methods  worthy  of  serious 
consideration  and  further  study;  and  to  outline  the  time  factors  and 
development  costs  likely  to  be  involved  in  procuring  prototype  equipment. 
Discussion  is  limited  to  a  general,  rather  than  to  a  specific  treatment 
of  the  subject,  because  numerous  pertinent  details  of  instrumentation  aujd 
orbital  computational  procedures  were  not  stabilized  at  the  time  the 
report  was  written.  The  subtitles  treated  are  "preliminary  data  editing, 
orbital  data  catalog,  orbital  comparisons,  visual  data  displays".  The 
following  is  a  sximmary  of  conclusions  reached. 

a.  Preliminary  data  editing  by  visual  inspection  of  the  Doppler  "S" 
curve  is  believed  to  be  essential,  at  least  during  the  early  stages  of  the 
project. 

b.  Orbital  parameter  data  should  be  catalogued  at  the  data  analysis 
center  in  printed  tabular  form  for  operator  reference,  also  in  digital 
foTrm  for  satellite  identification  and  plotting  board  input.  The  choice 

of  digital  storage  medium  will  be  governed  by  facilities  locally  available, 
equipment,  complexity,  commercial  availability  and  cost  factors. 
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c.  A  plotting  board  display  appears  to  be  justifiable  for  providing 
a  visual  check  on  satellite  identification  in  doubtful  cases. 

d.  Orbital  chajrts  produced  on  plotting  boaxd  and  distributed  in 
advance  to  ground  receiver  stations  may  serve  a  uaefiU-  purpose  in  alerting 
operators  to  the  imminent  approach  of  known  satellites  and  their  direction 
of  approach. 

e.  It  is  recommended  that  prototype  items  of  equipment  hardware  be 
aasemb^ied  to  demonstrate  their  suitability  in  handling  actual  orbital  data 
before  .^attempting  to  prepare  final  specifications  for  a  field  installation. 

G.  Synchronization  of  Tracking  Antennas 

BRl  Technical  Note  No.  1278,  September  1959 >  entitled  "Synchronization 
of  Tracking  Antennas"  by  N.  E.  A.  Putnam,  Eeport  No.  6,  AREA  Satellite 
Fence  Series,  considers  the  problems  associated  with  synchronizing  scanning 
antennas . 

Synchronizing  a  two-station  complex  to  within  +  1  degree,  relative  to 
each  other,  requires  that  each  individual  station  be  synchronized  to  within 
+0.5  degree,  relative  to  a  common  reference  standard.  In  the  table  which 
follows  are  presented  estimates  of  the  relative  component  and  total  error 
magnitudes  which  might  be  expected  from  each  of  the  three  types  of  scanning 
antenna  designs  capable  of  meeting  performance  requirements. 


Estimated  Error  Magnitudes  for  Various 
Antenna  Types _ _ _ 


Error  Source 

Rotatable 

Element 

Switching 

Controlled 
Phase  Shift 

1.  . 

station  Timing 

+  0.05° 

+  0.03° 

+  0.03° 

2. 

Antenna  Orientation 

+  0.02 

+  0.02 

+  0.02 

3. 

Antenna  Pattern 

+  0.05 

+  0.05 

+  0.05 

4. 

Phasing 

+  0.05 

+  0.10 

+  0.35 

5. 

Structural  Deformation 

+  0.15 

+  0.05 

+  0.05 

6. 

Scanning  Beam  Drive 

Hr  0.20 

+  0.10 

+  0.00 

Totals 

+  0.50° 

+  0.35° 

+  0.50° 

It  Is  to  te  noted  that  error  ratings  of  the  three  antenna  systems 
are  Identical  for  the  first  three  error  sources,  and  are  believed  to  be 
reasonably  representative  of  values  that  can  be  maintained  under  ordinary 
operating  conditions.  Incidentally,  they  add  up  to  20  per  cent  of  the 
total  error  permissible.  Inasmuch  as  error  magnitudes  from  almost  any 
source  can  be  progressively  reduced  by  concentrating  on  equipment  and 
circuit  refinement,  it  is  reasonable  to  suppose  that  all  three  antenna 
types  under  discussion  can  be  developed  to  the  point  where  they  meet  the 
necessary  performance  requirements  for  this  proposed  project,  if  cost  is 
not  a  factor.  However  comparative  figures  tabulated  above  strongly 
indicate  that  the  switched  element  type  of  antenna  has  the  distinct  advan¬ 
tage  of  a  lower  error  susceptibility,  hence  the  probability  that  it  will 
carry  the  lower  price  tag  and  a  simplified  maintenance  program.  Other 
conclusions  reached  are: 

a.  Sky-scanning  antennas,  synchronized  to  within  +  1  degree,  appear 
to  be  technically  feasible  for  station  spaclngs  up  to,  and  somewhat  in 
excess  of  1000  miles. 

b.  Each  station  should  include  a  precision  time  generator  to  permit 
continuing  operation  for  a  reasonable  period  following  Interruption  of  the 
external  source  of  synchronizing  signals. 

c.  Economic  and  other  considerations  indicate  the  desirability  of 
synchronizing  each  station  directly  with  V?WV  timing  signals. 

d.  Sky- scanning  rates  infl\ience  station  synchronization  procedures 
and  data  transmission  problems.  It  is  desirable  that  a  scanning  rate  be 
selected  such  that  the  resulting  number  of  scan  cycles  per  minute  becomes 
a  whole  number. 

e.  It  is  not.  essential  that  the  angular  scan  rate  be  completely 
uniform  throughout  the  sweep  range,  but  it  is  important  that  any  non- 
llhearlties  be  Identical  for  both  stations  of  a  pair. 
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t.  Sky-acannlug  arrangement b  with  a  reciprocating  sweep  may  be 
subject  to  non-1'lnear  compoimnts  of  motion  In  one  direction  that  are  not 
duplicated  In  the  reverse  direction,  thus  conpllcatlng  synchronization 
procedures.  For  this  reason,  beams  that  sweep  continuously  In  one  direction 
are  to  be  preferred. 

g.  A  fixed  antenna  structure,  where  In  a  scanning  beam  is  generated 
by  progressive  switching  of  radiating  elements,  appears  to  be  the  most 
practical  antenna  type. 

K.  Soane  moderate  decrease  In  beam  widtb.>  or  some  increase  In  beam 
scanning  rate,  appear  to  be  feasible,  if  desired.  However,  such  changes 
tend  to  impose  Increasingly  severe  requirenenta  on  the  synchronization 
problem,  and  at  some  point  a  limit  will  be  reached  beyond  which  further 
changes  will  be  Impractical.  Whether  synchronization  requirements  can  be 
met  with  beamwidths  of  only  one  degree  is  probl«iiatical . 

H.  Precision  Frequency  Measurement  of  Noisy  Doppler  Signals 

BRL  Report  No.  1110,  June  i960,  entitled  "Precision  Frequency  Measure¬ 
ment  of  Noisy  Doppler  Signals”,  by  William  A.  Dean,  Report  No.  15  i»  the 
BRL  DOPLOC  Satellite  Fence  Series,  gives  the  results  of  a  brief  study  of 
the  uncertainty  expected  in  measuring  the  frequency  of  a  radio  Doppler  signal 
from  the  data  gathering  equipment  of  the  DOPLOC  satellite  tracking  station. 
Two  methods  of  measurement  are  alternately  iised  depending  upon  the  cycle 
count  and  the  desired  precision.  One  method  simply  counts  Doppler  cycles 
from  the  tracking  filter  for  a  given  time  period,  for  example,  one  second. 

The  second  method  is  Indirect  and  integrates  a  chosen  number  of  Doppler 
cycles  over  which  period  a  high  frequency,  say  10  me  standard  frequency  Is 
coxmted.  Since  the  resolution  of  the  coiuiter  is  +  1  cycle,  yielding  a 
counting  precision  of  + 1/^  cycles  per  second  when  both  ends  of  the  Interval 
are  concerned,  the  precision  of  the  10  me  count  is  considerable  improved 
over  tliat  of  a  Doppler  count  of  from  zero  to  a  few  thousand  cycle  s/second. 

The  random  scatter  varies  with  propagation  phenomena  and  the  single  of 
elevation  of  the  satellite  with  respect  to  the  observation  station,  but 
may  be  as  much  as  3  cycles  per  second.  This  scatter  Is  of  such  character 
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that  It  does  not  affect  the  operation  of  the  tracking  filter.  Typical 
conditions  are  plotted  in  the  report  where  at  an  input  frequency  of  10  kc 
an  input  signal  to  noise  ratio  of  -l8db,  and  a  tracking  filter  bandwidth 
of  10  cps^  peak  excursions  of  0.l6  cps  were  observed  and  the  rms  frequency 
error  was  0.6^  cps. 

I.  Contract  DA-0k-2OO"QRD~6T^>  Stanford  Research  Institute,  System  Studies 

Under  contract  DA- 04-200- CRD- 674,  Stanford  Research  Institute  conducted 
a  DOPLOC  system  study  which  lead  to  two  reports.  The  first  of  these  is 
entitled  Final  Report,  Part  A,  Station  Geometry  Studies  for  the  DOPLOC 
System  by  W.  E.  Scharfman,  H.  Rothman  and  T.  Mbrita.  This  report  is  number  9 
in  the  BRL  DOPLOC  satellite  fence  series.  It  pertains  entirely  to  the  interim 
type  system  which  utilizes  fixed  antenna  beams  oriented  in  such  a  manner  as 
to  obtain  data  for  segments  of  an  "S"  curve.  An  analysis  was  made  of  the 
relation  between  the  layout  of  the  receiving  and  transmitting  stations  of 
the  BRL  CW  reflection  Doppler  system  (for  the  detection  of  non-radiating 
satellites)  and  such  factors  as  antenna  gain,  pattern  shapes,  time  of  transit 
of  a  beam  by  a  satellite  and  coverage  for  fixed-beam  antennas. 

The  results  of  the  study  show  the  regions  in  space  where  sufficient  data 
would  be  obtained  to  determine  the  satellite's  orbital  parameters,  and  the 
complexity  of  the  required  antenna  system  for  various  station  geometries  and 
satellite  altitudes.  This  report  Is  classified  confidential,  and  is  therefore 
nof:  abstracted  in  detail  here. 

The  second  SRI  report  is  entitled  "Final  Report,  Pau't  B,  DOPLOC  System 
Studies"  by  W.  E.  Sharfman,  H.  Rothman,  H.  Guthart  and  T.  Morlta  and  Is 
Report  No.  10  in  the  BRL  DOPLOC  Satellite  Fence  Series. 

Part  B  of  this  final  report  shows  that  because  of  the  variation  in 
refractive  index  of  the  ionosphere,  an  error  is  introduced  in  the  determina¬ 
tion  of  the  radial  velocity  of  a  moving  target.  This  error  results  because 
the  direction  of  the  refracted  ray  at  the  target  differs  from  the  line- of- 
sight  direction.  The  Doppler  error  Introduced  arises  from  conditions  at  the 
actual  instantaneous  position  of  the  satellite  rather  than  from  the  inte¬ 
grated  effort  of  conditions  along  the  entire  propagation  path.  This  error 


is  greatest  vhen  the  satellite  is  at  the  level  where  the  ionization  is 
most  dense,  at  the  maximum  of  the  F2  layer  (300  KM).  Here  the  error  amounts 
to  about  0.25  per  cent  of  the  Doppler  frequency  for  a  carrier  frequency  of 
100  me. 

The  Faraday  effect  causes  a  rotation  of  the  plane  of  polarization  of 
a  radio  wave  passing  through  an  ionized  medium  In  the  presence  of  a  magnetic 
field.  As  a  typical  example  the  number  of  rotations  that  a  100  me  wave 
might  Incur  in  a  double  passage  through  an  ionosphere  260  KM  thick,  at  a 
height  of  150  KM,  varies  from  about  20  at  zero  degrees  elevation  to  about 
5  at  90  degrees  elevation. 

This  report  shows  that  the  Luxembourg  effect,  or  Ionospheric  cross - 
modulation  effect,  can  be  neglected  for  frequencies  above  h  me.  Hence 
cross-modulation  at  100  mo  should  be  extremely  small.  It  is  also  shown  that 
the  atmospheric  noise  generated  in  the  troposphere  is  at  least  40  db  less 
than  cosmic  noise  at  100  me  and  can  therefore  be  neglected. 

Forward- scatter  proiieigatlon  Involves  scattering  either  by  ionospheric 
or  tropospheric  inhomogeneities  In  the  common  volume  of  the  transmitting 
and  receiving  antenna  beams.  For  frequencies  above  100  me  and  separation 
less  than  600  miles,  the  tropospheric  transmission  component  appears  to 
dominate.  Typical  features  of  the  tropospheric  scatter  are  that  it 
decreases  rapidly  with  increasing  distance,  and  decreases  very  slowly  with 
increasing  frequency.  For  a  station  sepeiratlon  of  45O  miles,  the  average 
signal  level  with  optimum  antenna  orientation  will  be  about  90  below 
that  expected  at  the  same  distance  in  free  space  with  the  same  power  and 
same  antennas.  Free- space  attenuation  at  this  frequency  and  separation 
is  130  db.  This  received  signal  level  is  considerably  greater  than  the 
received  signal  expected  from  forward  scattering  of.  the  satellite.  The 
actual  tropospheric  signal  received  is  further  below  the  free  space  signal 
since  the  side  lobes  and  not  the  main  beams  will  be  forming  the  common 
volume . 
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SRI  specifically  investigated  the  question,  as  to  whether  the  noise 
figure  could  he  reduced  hy  reducing  the  temperature  of  the  antenna  or  of 
any  reasonahle  volume  surrounding  the  antenna.  At  100  me  the  background 
noise  temperature  is  about  800  degrees  K,  while  some  areas  of  the  sky 
(notably  the  galactic  center)  have  temperatures  up  to  thousands  of  degrees 
Kelvin.  It  is  shown  that  if  a  receiver  has  a  3-db  noise  figure  and  an 
apparent  antenna  temperature  of  800  degrees  K,  the  operating  noise  figure 
will  be  5-5  db.  It  is  therefore  concluded  that  no  reduction  in  noise 
figure  would  be  achieved  by  cooling  either  the  antenna  or  the  volxane 
immediately  surroxmding  it. 

The  effects  of  meteors  and  meteor  trails  have  been  discussed  briefly 

elsewhere  in  this  report.  SRI  presents  an  extensive  analysis  of  the  effects 

to  be  expected  from  both  meteors  and  meteor  trails.  This  treatment  is  too 

extensive  to  abstract  here  except  for  the  following  remarks.  The  specular 

14 

echo  count  for  meteor  trails  with  initial  line  densities  of  10  electrons 

per  meter  is  directly  proportional  to  the  square  root  of  the  transmitter 

output  power  and  the  receiver  sensitivity.  The  interim  DOPLOC  system  was 

12 

sensitive  to  trails  with  line  densities  of  the  order  of  10  electrons  per 

meter.  If  the  system  were  to  become  sensitive  to  line  densities  of  less 

. .  .  .10  .  .  . .  .  ....  ... 

than  lu  electrons  per  meter,  tne  count  mignt  oecome  directly  proportional 

to  these  system  factors,  and  possibly  even  proportional  to  their  square  or 
cube.  Various  methods  such  as  increasing  the  frequency,  the  incorporation 
of  filters,  etc.  are  available  to  discriminate  against  meteor  trail  signeils. 

The  remainder  of  Part  B  of  the  SRI  report  treats  the  effects  of 

I 

antenna  phase  patterns  and  suggests  antenna  systems  for  the  DOPLOC  system. 
For  this  treatment  the  reader  is  referred  to  the  basic  report. 

J.  Comb  Filter  Development 

Since  the  lead  time  for  the  development  of  the  circulating  memory 
filter  was  known  to  be  at  least  12  months  and  the  cost  approximately 
$250,000,  it  was  decided  to  look  for  a  second  method  of  obtaining  narrow 
band  filter  action  on  the  data  from  the  scanning  antenna  DOPLOC  system. 

The  search  and  lock- on  time  for  the  phase  locked  tracking  filters  was  too 
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long  to  permit  these  filters  to  operate  with  scanning  antennas.  ISierefore 
a  program  was  initiated  to  develop  slmultaneoualy  with  the  circulating 
mMoory  filter  a  comb  type  filter. 

Starting  with  a  10-cycle  filter  pass  band  and  a  possible  12-kc  band 
of  Doppler  frequencies  to  be  covered,  it  is  at  once  apparent  that  1200 
individual  filters  would  be  required  to  cover  the  entire  band.  It  was 
therefore  decided  to  build  only  a  section  of  the  filter  for  test  purposes. 
The  result  was  one  hundred  and  eighty  Individual  ten  cycle  filters  spaced 
20  Ops  apeirt  to  cover  a  total  of  3600-cp8  bandwidth.  This  input  was  to 
be  switched  three  times  to  cover  the  12-kc  band.  The  rate  of  change  of 
Doppler  frequency  varies  with  altitude  of  the  satellite  from  approximately 
25  to  100  cps.  This  maximum  rate  of  100  cps  determines  the  minimum  usable 
bandwidth  of  10  cps.  This  in  turn  sets  the  maximum  time  available  to 
recognize  the  Doppler  signal  as  100  milliseconds.  This  maximum  time  deter¬ 
mines  the  maximum  scan  rate  for  a  given  antenna  beamwidth.  Since  twelve 
data  points  are  desired  to  insure  sufficient  data  for  a  convergent  solu¬ 
tion  from  a  single  pass,  there  is  also  a  mlnimvim  scan  rate  associated  with 
the  low  altitude  passes  for  a  scan  rate  that  would  give  12  data  points  on 
a  pass  and  an  integration  time  of  100  m.s.,  a  beeimwidth  of  approximately 
1  degree  is  indicated. 

Describing  the  filter  action  briefly,  the  output  of  the  receiver  is 
fed  through  a  noise  actuated  automatic  gain  control  circuit,  thence  to 
the  filter  comb,  each  filter  of  which  has  an  amplifier,  AGO,  and  threshold 
control  circuit  which  feeds  a  multi-pen  recorder.  A  record  indicates  a 
signal  of  frequency  corresponding  to  the  filter  frequency  present  at  the 
input  to  the  comb.  This  ccmb  filter  has  been  completed  and  tested  on 
both  real  time  and  simulated  tracking  data  and  found  to  perform  satis¬ 
factorily.  It  is  described  in  full  detail  In  BRL  Memorandum  Report  No. 

1349  entitled  "A  Comb  Filter  for  Use  in  Tracking  Satellites",  by  R.  Vitek. 

Figures  ^0  to  37  inclusive  are  photographs  of  actual  recordings  made 
at  the  output  of  the  comb  filter.  Figures  50  to  54  show  the  performance 
characteristics  of  the  filter  with  simulated  data.  Figures  55  to  57  are 
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TIME  SCALE  -  1/10  INCH/SEC. 
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TIME  SCALE  -  l/IO  INCH/SEC. 
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copies  of  satellite  pass  data  from  magnetic  tapes  recorded  on  the 
Interim  DOPLOC  system  at  Forrest  City,  Arkansas.  Chart  records  are 
also  available  of  the  performance  of  the  ALO  -  tracking  filter  equip¬ 
ment  on  these  passes.  The  arrows  on  the  records  Indicate  the  frequency 
limits  of  the  tracking  filter  records.  In  general  the  comb  filter 
tracked  the  signal  for  a  longer  period  than  did  the  tracking  filter. 

This  was  expected  since  the  best  sensitivity  of  the  ALO  was  21  db.  It 
could  not  therefore  pick  up  the  signal  as  soon  as  the  comb  filter. 

After  a  lock  was  obtained  the  tracking  filter  was  Independent  of  the  ALO 
and  Its  sensitivity  was  Identical  to  that  of  the  comb  filter.  The  test 
records  of  simulated  and  actual  satellite  signals  are  Indicative  of  a 
high  level  of  performance.  The  comb  filter  prototype  met  all  of  the  design 
requirements.  The  unit  Is  fully  capable  of  being  expanded  to  the  full 
complement  of  1200  filters  and  of  providing  an  effective  tracking  capa¬ 
bility  for  the  proposed  DOPLOC  scanning  system.  It  could  provide  ein 
excellent  means  of  tracking  any  short  duration  signals  having  a  high  rate 
of  frequency  change.  The  frequency  accuracy  is  limited  to  +  2  cps  with 
the  10- cps  bandwidth  filter  elements. 
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VII.  SATELLITE  (KBIT  DETERMINATION  FROM  DOPLOC  DATA 

R.  B.  Patton,  Jr. 

A .  In.tr  oduc  t  i  on 

Computing  methods  have  been  developed  which  provide  the  DOPLOC  system 
with  the  capability  of  detecting  and  identifying  non- radiating  satellites. 
While  these  methods  have  been  derived  specifically  for  Doppler-type  tracking 
sysbems,  the  computing  procedures  are  sufficiently  flexible  that,  with  minor 
modification,  they  may  be  applied  to  observations  from  any  satellite  or  ICBM 
tracking  system.  Moreover,  they  provide  relatively  accurate  orbital  deter¬ 
minations  when  the  tracking  observations  are  limited  to  a  few  minutes  of  data 
recorded  at  a  single  receiver  in  the  course  of  a  single  pass  of  a  satellite. 
This  capability  is  fundamental  for  a  detection  system.  In  addition,  the 
computing  program  has  been  extended  to  provide  a  highly  accurate  solution 
when  the  input  data  are  increased  to  include  observations  from  more  than  a 
single  pass  of  the  satellite  or  from  more  them  one  receiver. 

A  prime  requirement  for  a  satellite  detection  system  is  the  capability 
of  establishing  an  orbit  within  minutes  after  the  first  pass  over  the  tracking 
system.  The  computing  program  presented  here  provides  the  DOPLOC  systejn  with 
the  capacity  for  orbit  determination  within  one  to  five  minutes  after  satel¬ 
lite  passage.  Further, . these  methods  function  effectively  with  as  few  as 
6  to  12  observations  recorded  at  a  single  receiver  over  a  2  to  5  minute 
Interval.  It  is  doubtful  whether  any  other  satellite  detection  system  can 
provide  equivalent  accuracy  for  first  pass  detection.  Moreover,  many  have 
no  capability  whatever  for  orbital  determination  from  single-pass  observa¬ 
tions  . 

Computing  programs  for  multiple-pass  solutions  have  been  under  consid¬ 
eration  for  sometime.  Although  the  development  of  these  methods  has  not 
been  completed,  a  relatively  simple  procedure  is  emerging  which  provides 
sufficient  accuracy  for  positive  Identification.  In  addition,  these  results 
may  be  used  to  predict  position  with  enough  precision  to  be  used  as  an  aid 
in  future  acquisition.  Although  this  work  is  not  complete,  the  method 


appears  to  be  both  practical  and  useful.  Moreover,  the  Initial  results 
from  solutions  with  actual  field  data  are  very  promising  and  have,  therefore, 
been  Included  in  the  section,  "Computational  Results" . 

In  practice,  orbital  determination  from  DOPLOC  observations  is  accom¬ 
plished  in  three  phases: 

1.  Initial  approximations  for  position  and  velocity  are  established 
from  frequency  and  slope  measurements  near  the  inflection  point  of  the 
Doppler  frequency  time  curve  for  each  set  of  observations. 

2 .  These  results  are  used  as  input  to  obtain  single-pass  solutions  for 
individual  sets  of  observations.  Such  computations  yield  moderately  accurate 
Keplerian  orbital  parameters  to  be  used  for  initial  identification. 

5.  The  single-pass  resvilts  are  used  to  Initiate  a  multiple-pass  solu- 

I 

tion  which  simultaneously  combines  observations  frcm  several  passes  to 
compute  a  perturbed  orbit  with  sufficient  acciiracy  to  provide  both  positive 
Identification  and  practical  prediction. 

The  first  two  steps  in  the  computing  procedxure  have  been  completely 
developed  and  thoro\ighly  tested  with  numerous  sets  of  actTial  field  data. 
Development  of  the  multiple-pass  solution  is  nearing  completion.  Limited, 
but  successful,  testing  has  been  accomplished  with  field  observations. 

B.  Description  of  Observed  Data 

Doppler  observations  consist  of  recordings  of  Doppler  frequency  as 
a  function  of  time.  Here  the  Doppler  frequency  is  defined  as  the  frequency 
obtained  by  heterodyning  a  locally  generated  signal  against  the  signal 
received  from  the  satellite  followed  by  a  correction  for  the  frequency  bias 
Introduced  as  a  result  of  the  difference  between  the  frequency  of  the  local 
oscillator  and  that  of  the  signal  source.  The  Doppler  frequency  is  defined 
to  be  negative  when  the  satellite  is  approaching  the  receiving  site  and 
positive  when  It  is  receding.  If  the  Doppler  frequency,  as  defined,  is 
plotted  as  a  function  Of  time,  one  obtains  curves  of  the  form  shown  in 
Figure  58,  usually  referred  to  as  "S"  curves.  The  asymmetry  of  the  curves 
is  typical  for  a  tracking  system  with  a  ground-based  transmitter  and  a 
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receiver  separated  by  an  appreciable  distance.  Only  for  a  satellite, 
whose  orbital  plane  either  bisects  or  is  orthogonal  to  the  base  line, 
will  the  Doppler  data  produce  a  symmetrical  "S"  curve  with  a  reflection 
system.  With  a  satellite-borne  transmitter,  the  "S"  curve  is  very  nearly 
symmetrical,  being  modified  slightly  by  the  eetrth's  rotation  and  the 
refractive  effect  of  the  ionosphere.  If  continuous  observations  are  made 
and  sampled'  at  frequent  intervals,  such  as  once  per  second.  Figure  58  (a) 
Illustrates  an  analog  plot  of  the  data  available  for  computer  input. 

However,  with  a  ground-based  transmitter  it  is  necessary  to  limit  the 
number  of  observations  in  order  to  minimize  equipment  cost  and  complexity. 

For  example,  the  three  beam  antenna  complex  of  the  interim  DOPLOC  system 
provides  three  sections  of  the  "S"  curve  as  shown  in  Figure  58  Another 

possibility  is  the  use  of  a  scanning  antenna  beam  to  provide  discreet  obser¬ 
vations  at  regular  intervals  as  shown  in  Figure  58  (c).  Such  data  could 
be  obtained  by  an'  antenna  with  a  thin,  fan- shaped  beam  which  scanned  the 
sky  repetitively. 

Any  of  these  sets  of  data  may  be  used  readily  as  input  for  the  computing 
procedures.  Whenever  possible,  this  input  consists  of  the  total  cycle  count 
rather  than  the  Doppler  frequency,  i.e.,  the  area  under  the  curves  or  arcs 
of  curves  presented  in  Figure  58  (a)  and  (b).  Hence,  this  method  of  solution 
is  based,  in  a  sense,  upon  every  available  observation  rather  than  upon  a 
selected  few  of  the  total  observations  (which  would  be  the  case  if  the  com¬ 
puting  input  were  limited  to  a  representative  number  of  frequency  measure¬ 
ments).  Experience  has  shown  this  to  yi61d  a  very  significant  gain  with 
regard  to  the  accuracy  and  convergent  properties  of  the  solution. 

C.  The  Single-Pass  Solution 

The  method  of  solution  consists  of  a  curve-fitting  procedure  in  which 
a  compatible  set  of  approximations  for  the  orbital  parameters,  are  improved 
by  successive  differential  corrections.  The  latter  are  obtained  from  a 
least-squares  treatment  of  an  over-determined  system  of  equations  of 
condition.  The  imposed  limitation  of  single-pass  detection  permits  several 
asBuraptions  which  considerably  simplify  the  computing  procedure.  Among  these 
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Figure  58  (a)  (b)  (c)  I — Doppler  frequency-time  curves. 
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is  the  assumption  that  the  Earth  may  he  treated  dynamically  as  a  sphere 
while  gecjmetrically  regarding  it  as  an  ellipsoid^.  In  addition^  it  is 
assumed  that  no  serious  loss  in  accuracy  will  result  if  drag  Is  neglected 
as  a  dynamic  force.  With  these  assumpticsis ,  it  is  apparent  that  the  satel¬ 
lite  may  be  regarded  as  moving  in  a  Keplerian  orbit.  An  additional 
simplification  in  the  reduction  of  the  tracking  data  is  warranted  if  the 
frequency  of  the  system  exceeds  100  megacycles j  for  it  then  becomes  fea¬ 
sible  to  neglect  both  the  atmospheric  and  ionospheric  refraction  of  the 
transmitted  signal. 

In  formulating  the  problem  mathematically,  it  is  helpful  to  regard 

the  instrumentation  as  an  interferometer.  In  this  sense,  the  total  number 

of  Doppler  cycles  observed  within  any  time  interval  will  provide  a  measure 

of  the  change  in  the  sura  of  the  slant  ranges  from  the  satellite  to  the 

transmitting  and  receiving  sites.  If.  X,  is  the  wavelength  of  the  radiated 

signal  and  N^j  the  total  number  of  Doppler  cycles  resulting  at  the  ith 

receiver  from  the  motion  of  the  satellite  between  times  t,  and  t..,  > 

it  follows  that  v^j  s  is  a  measure  of  the  total  change  in  path  length 

from  the  transmitter  to  the  satellite  to  the  ith  receiver  between  times 

t  and  t.  ,  .  Let  g. .  be  defined  as  the  actual  change  in  path  length.  It 
J  <;+-*- 

rA  ■t-V,ra4-  . 

4.  kO  X  Jk  X'  ^  UlACb  U  . 


«1J  =  *  Vj)' 


(1) 


where  T  is  the  transmitting  site,  the  location  of  the  1th  receiver, 

the  position  of  the  satellite  at  time  and  the  position 

of  the  satellite  at  time  t...  In  the  event  that  the  observations  consist 

J 

only  of  discrete  measurements  of  frequency,  the  same  definitions  will 
apply,  but  the  time  interval  from  t  to  t..,  will  be  limited. to  one  second. 


The  solution  consists  of  improving  a  set  of  position  and  velocity 
components  which  have  been  approximated  for  a  specific  time.  The  latter 
will  be  defined  as  t^,  and  as  a  matter  of  convenience,  it  is  generally  taken 
as  a  time  near  the  Inflection  point  of  the  "S"  curve.  Although  the  location 
of  the  coordinate  system  in  which  the  position  and  velocity  vectors  are 


defined  is  relatively  Ininaterlal  from  the  standpoint  of  convergence, 
a  system  fixed  with  respect  to  the  Eeurth’s  surface  does -provide  two  . 
distinct  advantages.  First,  the  function  g^^j  Is  somewhat  simplified 
since  the  coordinates  of  the  Instrumentation  sites  remain  fixed  with 
respect  to  time.  Of  greater  significance,  however,  Is  the  fact  that  the 
method  may  he  altered  to  accept  other  types  of  measurements  for  Input  by 
merely  changing  the  definition  of  the  function  g^^^  and  correspondingly, 
the  expressions  for  Its  derivatives,  with  no  additional  modification  to 
the  balance  of  the  procedure  which  in  fact,  constitutes  the  major  portion 
of  the  computing  process. 


The  set  of  Initial  approximations  for  the  position  and  velocity 
components  are  defined  for  time  t^  as  (x^,  y^,  z^,  x^,  y^,  z^).  The 
reference  frame  is  the  xyz- coordinate  system  which  is  defined  In  the 
following  section.  If  second  and  higher  order  terms  are  omitted  from  the 
Taylor  expansion  about  the  point  (x^,  y  ,  z^,  x^,  y^,  z^),  the  equations 
of  condition  may  be  written  In  matrix  form. 


where 


AV*  JZK, 


J  S 


'^^IJ  ^^IJ  ^^IJ  ffl^  ^fijl  ^fli 


(2) 


AV  =  (A.^^)  =  (v^j  -  gj_j). 


^  s 


A/, 


Az 


V  0 


(3) 


for  all  values  of  1  and  J.  Hence,  J  is  a  matrix  of  order  (l*jx6),  AV  a 
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matrix  of  order  (I'jxl),  and  ^  a  matrix  of  order  (6x1).  Since  there  are 
six  unknowns,  a  minimum  of  six  equations  are  required  for  a  solution.  In 
practice,  sufficient  data  are  available  to  provide  an  over- determined  system, 
thus  permitting  the  least  squares  solution, 

^  =  (J*  J}‘^J*AV,  (^) 

where  J*  is  the  transpose  of  the  Jacobian  J.  Finally,  improved  values  for 
the  initial  conditions  are  obtained  from 


j 

no  subscripts  were  introduced  to  indicate 
iteration;  but  at  this  point,  the  improved  values  of  X  are  used  for  the 
Initial  point  and  the  process  is  iterated  until  convergence  is  achieved. 

Since  the  function  g.  .  cannot  be  expressed  readily  in  terms  of  X 

^  J 

directly,  the  evaluation  is  obtained  implicitly.  An  epherraeris  is  computed 
for  the  assumed  values  of  the  position  and  velocity  vectors  at  time  t^. 

Then  using  equation  (l),  g . .  may  be  evaluated  for  all  values  of  1  and  j. 

In  the  process  of  this  evaluation,  it  is  expedient  to  use  two 
rectangular  coordinate'  systems  in  addition  to  the  Earth-bound  system  whose 
origin  is  at  the  transmitting  site.  Referring  to  Figure  60  these  coordinate 
systems  are  defined  as  follows. 


where 


X  +  AK,. 

{  X, 


X  s- 


As  a  matter  of  convenience. 
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Figure  59  -  Problem  geometry. 
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COORDINATE  SYSTEMS 


Figure  60 


Coordinate  Esystems . 
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1.  The  xyz- coordinate  system  is  a  right-hand,  rectangular  system 
with  the  origin  on  the  Earth’s  surface  at  the  transmitter.  The  x  axis 
ia  positive  south,  the  y  axis  is  positive  east  and  the  z  axis  is  normal 
to  the  Earth's  surface  at  the  transmitting  site. 


2.  The  x’y'z '-coordinate  system  is  a  right-hand  rectangular 
system  with  the  origin  at  the  Earth's  center.  The  x'  axis  lies  in  the 
plane  of  the  equatm*  and  Is  positive  in  the  direction  of  the  vernal 
equinox,  while  the  positive  e'  axis  passes  through  the  north  pole.  The 
y'  axis  is  chosen  so  as  to  complete  a  right-hand  system. 

3.  The  x"y’'z"- coordinate  system  is  likewise  a  right-hand  rectangular 
system  with  the  origin  at  the  Earth's  center.  The  x"y"  plane  lies  in  the 
orbital  plane  of  the  satellite,  with  the  positive  x"  axis  in  the  direction 
of  perigee.  The  positive  z"  axis  forms  with  the  positive  z'  axis  an  angle 
equal  to  the  inclination  of  the  orbital  plane  to  the  plane  of  the  equator. 
The  y"  axis  is  chosen  so  as  to  complete  a  right-hand  system. 


The  first  step  in  this  phase  of  the  computation  consists  of  computing 
values  for  the  initial  position  and  velocity  components  In  the  x'y'z '-coor¬ 
dinate  system.  This  may  be  achieved  by  one  rotation  and  one  translation 
which  are  independent  of  time,  and  a  second  rotation  which  varies  with 
tine.  Let  the  notation  R^(ci!)  Indicate  the  matrix  performing  a  rotation 
through  an  angle  a  about  the  1th  axis  of  the  frame  of  reference  such  that 
the  angle  is  positive  when  the  rotation  Is  In  the  right-hand  direction 
and  1  Is  equal  to  1,  2  or  3,  according  to  whether  the  rotation  la  about 
the  X,  y  or  z  axis  respectively.  The  desired  transformation  follows, 


^3^’®o^^2^^  -  90°) 


*0 

''p^Bln  A*' 

+ 

0 

.  ^0  > 

^P0cos  A^ 

> 

(5) 
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where 


R^(“  Oo)R2(0  -  90°) 


0 

^p^sin  a'' 

^0 

+ 

0 

z 

pjcos  A 

L  0^ 

+  R^(.  Q^)K/k^  -  90  ) 


(6) 


0  ^ 
P0  ^ 


the  time  derivative  of  R,’{“  when  0.  =  0  > 

P  o  J  ^ 

the  right  ascension  of  the  transmitting  site  at  time  %y 

the  geodetic  lati tilde  of  the  transmitting  site, 

the  radius  vector  from  the  Earth's  center  to  a  point  on  the 
Earth's  sea  level  surface  at  the  latitude  0, 


A  =  the  difference  between  the  geodetic  and  geocentric  latitudes 
at  the  transmitting  site . 


The  next  step  in  the  computation  involves  the  evaluation  of  the  follow¬ 
ing  orbital  parameters: 

a  =  semi-major  axis, 
e  £  eccentricity, 

0  =  mean  anomaly  at  epoch, 

i  £  inclination, 

^  right  ascension  of  the  ascending  node, 

CD  =  argument  of  perigee . 


The  evaluation  of  these  orbital  parameters  is  obtained  from  the  following 
* 

equations : 


*  Derived  by  Dr.  B.  Garflnkel,  Ballistic  Research  Laboratories,  Aberdeen 
Proving  Ground. 
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^0 

=  +  (^q)  . 

(7) 

^0 

=  Kx'r  +  (y^r  +  (z^f  , 

(8) 

r  r . 

0  0 

(9) 

=  gR^  , 

where  g  1b  the  mean  gravitational  constant  and  R  is  the  radius  of  the 
Earth,  which  is  assumed  to  he  spherical  in  the  develoianent  of  the 
equations. 


^r 

a  =  - 2—^  (10) 

-  Vo 
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(17) 


"  o  o 


ii  = 

k  -  ^ 
*1  h  ’ 


h 


N. 


j 


(18) 

(19) 

(20) 

(21) 

(22) 

(25) 


N. 


(24) 


1  =  cos’^j  ,  where  0  <Jt  ,  (25) 

X  =  a(cos  -  e),  (26) 


y  =  a(sin  E^)  l/l  -  e^  ,  (2?) 

r  -N  =  x*Nt  +  y'No  ,  (26) 

O  O  1.  O  c 


X  k-S  .  M^(y'k,  -  z'kg)  l«2(k;kj^  -  x;kj)  , 


0) 


(-  l)^  cos 


-1 


x(r  -N)  +  y(r  x  k-N) 
'  o  o 

- 5 - 


(29) 

(50) 


(51) 
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Having  obtained  values  for  a,  e,  a,  1,  fl,  and  (n,  g  may  be 


evaluated  for  each  time  of  observation.  The  first  step  In  the  can5>utlng 
procedure 
equation, 


procedure  consists  of  solving  for  the  eccentric  anomaly  E.  In  Kepler’s 

V 


Ej  -  e  sin  Ej  =  nt^  +  a  . 


(32) 


The  position  of  the  satellite  as  a  function  of  time  Is  determined  in  the 


x''y’'z"-coordlnate  system. 


f  =  2  tan 
J 


-1^ 


|/rrf  /) 


r.  =  a(l  -  e  cos  E  )  ; 

V  J 

x"  =  r.  cos  f .  ; 

J  J  J 


(33) 

(3^) 

(35) 

(36) 


Zj  Is  zero  according  to  the  definition  of  the  x"y"z"- coordinate  system. 
A  transformation  to  the  x’y'z’  coordinates  can  be  achieved  by  three 
rotations  as  follows: 


(57) 


Finally  the  position  in  the  xyz- coordinate  system  may  be  obtained  by 
two  additional  rotations  and  a  translation. 


1  ^ 
v  * 

fx"  1 

=  R3(-  «)Ri(-  i)R5(-  0) 

y" 

0 

..  j  y 

..  > 

fx  1 
J 

*  1^(90°  -  0)R5(ej) 

fxO 

- 

p0  sin  A 

0 

^P0  COB  A^ 

(38) 
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Referring  to  (l),  may  be  then  expressed  in  terms  of  the  satellite's 
positions  at  time  tj  and  . 

hi  ^^4-1  ^J+i 

j/  ^  £1  CL 

-  _ 

-  -  x^f  +  (y^  "  yi)^  J  “ 

where  (x^ ,  z^)  is  the  surveyed  position  of  the  ith  receiver.  Finally^ 

the  residuals  determined  from 

”  ''ij  -  ■  ('*0^ 

Having  evaluated  the  vector  AV,  there  remains  the  problem  of 
determining  the  Jacobian  J.  The  .necessary  differentiation  may  be  carried 
out  numerically,  but  the  computing  time  will  be  reduced  and  the  accuracy 
increased  if  the  derivatives  are  evaluated  from  analytical  expressions. 
Recalling  that  for  all  values  of  i  and  J, 


J  =  J 


fho*  •  •  •  \  ’ 

I  x^,  y  ,  z  ,  ±  f  ,  i  I 
V  ‘'o'  0  o'  ‘'o'  o  / 


where 


J  -  > 


/  ®io'  '  *  *  >  ®1J'  *  '  '  \ 

^  “  V  *4+1’  '‘y  )  ' 

■  -  ( .HI’  ^n-x’  ^1.I'  ^,1’  °.i'\ 

2  *  \  a,  e,  ff,  03,  n,  1  /  ' 

5  -  4'  h'  H’  K-  %)  ' 

.  (  K’  K>  K>  H’  U’  K  ] 

**  ■  \  y  ■ 
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The  orders  of  the  above  aatrlces  are  (l*Jx6)  for  and  (6x6)  for 
Jg,  Jj  and  Jj^.  A  distinct  advantage  of  this  method  of  evaluating  J  results 
from  the  fact  that  the  function  apjiears  only  In  Hence,  if  the 
solution  Is  applied  to  other  types  of  measurements,  only  needs  revision 
for  the  appropriate  evaluation  of  J.  This  Is  trivial  compared  to  the  effort 
required  to  derive  the  derivatives  contained  In  Jg  and  J^.  The  expressions 
for  many  of  the  elements  of  these  Jacobian  matrices  are  rather  long  and 

involved,  and  therefore  will  not  be  presented  here,  but  the  cookie te  results 

5 

are  reported  elsewhere. 

D .  Initial  Approximations  for  the  Single-Pass  Solution 

Convergence  of  the  single-pass  computation  rests  primarily  upon  the 
adequacy  of  the  Initial  approximations  for  position  and  velocity.  It  has 
been  established  that,  for  a  system  consisting  of  a  single  receiver  and 
an  earth-bound  transmitter  at  opposite  ends  of  a  hOO  mile  base  line,  conver¬ 
gence  is  assmred  when  the  error  in  each  coordinate  of  the  Initial  estimate 
Is  not  In  excess  of  50  to  75  miles  euad  the  velocity  components  are  correct 
to  within  1/2  to  1  mile  per  second.  However,  If  single  pass  measurements 
are  available  from  two  or  more  receivers,  the  system  geometry  is  greatly 
strengthened.  Convergence  can  then  be  expected  when  the  initial  approxi¬ 
mations  are  within  15O  to  200  miles  of  the  correct  value  In  each  coordinate 
and  1  to  2  miles  per  second  in  each  velocity  component.  Larger  errors  may 
occasionally  be  tolerated,  but  the  figures  presented  are  Intended  to  specify 
limits  within  which  convergence  may  be  reasonably  assured. 

Therefore,  it  hes  been  necessary  to  develop  a  supporting  computation 
to  provide  relatively  accurate  Initial  approximations  to  position  and 
velocity  for  the  primary  computation.  Several  successful  methods  have  been 
developed  for  this  phase  of  the  problem;  but  discussion  will  be  confined  to 
a  few  applications  of  a  differential  equation  which  approximately  relates 
the  motion  of  the  satellite  to  the  tracking  observations.  The  following 
definitions  will  be  useful  in  the  derivation  of  this  equation.. 


189 


s  tilt  trm  tho  Earth's  eimtsar  to 

tho  traa«B(£tting  site. 

Tj  £  the  rafllxKS  yeetor  txm  the  Earth's  center  to 
the  pcteltlom  of  the  satellite  at  tiiae  tj. 

fi  the  angle  hetwaen  and  r^. 

{x^,  5  the  poaltlca  of  the  trananlttlag  site. 

(x",  ®)  2.  the  position  of  the  satellite  at  tloe  t,. 


'ij 

H 


£  the  dlstaace  frora  the  trsnsoltting  site  to  the 
satellite  at  time  tj. 

*  the  distance  IToai  the  ith  recelTcr  to  the  satellite 
at  tjb^  tj . 

«  the  altitude  of  the  satellite  ahoye  the  Earth's 
surface. 


T  2  the  velocity  of  the  satellite. 

ITo  Bli^llfy  the  problem^  certain  assui^tions  have  been  made: 

1.  the  satellite  moves  In  a  circular  Keplerlan  orbit, 

2.  Is  relatlTely  small  throughout  the  period  of  observation, 

3.  the  Earth  is  not  rotating. 

A  number  of  xiseful  relationships  may  he  derived  as  a  result  of  these 
assumptions. 

I^'j 

where  H  Is  constant. 


*  r 


R  +  H  , 


V  .  nr  =  /(ip®  ♦  . 


**  ti  2  n  ^*n 


cos  ^  Stl 

V 


2  IT 

^  n  yj  . 


constant  . 
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The  reference  fraoe  for  tMs  derlyatlon  la  the  x”7^E">eoQrdlnate 
systesi  nMcii  has  been  defined  prerlouaJ^.  It  follows  frcm  the 
definition  of  pj  that 


/(xj  -  x^f  ^  (yj  -  ^)2  +  (^)2  .  (1,5) 


Differentiating  twice  with  respect  to  tlae  yields 

^  ^  *  ^j<<i  -  ' 

which  nay  be  slsQ>llfled  to 

-  *?T  -  ' 

2  ^ 

a  n  r  R  cos  3  , 


i,  R  +  Hy 


cos  ^  , 


Rt 


(^) 


cos  ^  J 


It  follows  that 


^  Rt 
^  — 


- 


Rv^  .2 


(^T) 


A  similar  expression  may  be  derlyed  for  pj^j.  Recalling  the  definition 
for  g^j,  we  canclTode  that 


«1J  ^  — 


A  1  2  .  .2 


where 


-IJ 


m 


A  = 


Rv 
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Let  U8  define  a  right-hand  rectangular  coordinate  syeteni,  as 
shewn  In  Figure  6l,  with  the  origin  at  the  transmitter  and  the  z-axls 
positi'v'e  in  the  direction  of  the  vertical.  The  y-axls  is  formed  by 
the  Intersection  of  the  tangent  plane  at  the  transmitter  with  the  plane 
determined  by  the  transmitter,  the  ith  receiver,  and  the  Earth’s  center. 
The  i*eceiver  will  then  be  at  the  known  point  (O,  y^^,  z^).  If  the 
variable  point  (xj,  y^,  Zj)  indicates  the  position  of  the  satellite,  the 
slant  ranges  from  the  transmitter  and  the  1th  receiver  are  respectively 
given  by 


from  which  it  follows  that 


In  the  three-beam  mode  of  operation,  the  satellite  will  be  approximately 
In  the  yz-plane  at  t^,  which  is  defined  as  the  time  halfway  between  the 
initiation  and  termination  of  tracking  in  the  center  beam.  let  the 
satellite’s  position  and  velocity  at  this  time  be  defined  as  (x^,  y^,  z^) 
and  (x^,  y^,  z^),  respectively.  Obviously,  x^  may  be  approximated  by 
zero  and  we  may  safely  assume  that  the  vertical  component  of  velocity  is 
small  and  can  veil  be  approximated  by  zero.  The  last  pair  of  equations 
then  reduce  to 
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TO  EARTH’S 
CENTER 


GEOMETRY  FOR  DETERMINING 
THE  INITIAL  APPROXIMATIONS 


Figure  61 


Let  f  and  te  the  Doppler  freqxaency  and  rate  of  change  of  frequency 
for  the  1th  receiver  at  t  .  It  foUovs  that 


i(P, 


o  *  ^to>  • 


From  equation  (48]^  we  conclude 


A  -  <Por  ^  A  - 
^  ^o  ^  ^lo 


Expressing  equations  (55)  and  (56)  in  terms  of  the  position  coordinates 
and  velocity  ccsaponents  of  the  satellite  at  time,  t^,  yields 


Let  us  assume  a  specific  orbital  Inclination.  With  our  previous 
assumption  of  circular  motion,  y^  may  readily  be  ccunputed  as  a  function 
of  y^  and  z^.  Then  equations  (57)  and  (58)  will  likewise  provide 
and  "as  functions  of  position  in  the  yz-plane.  Thxis,  for  a  given 
inclination,  families  of  curves  may  be  computed  and  plotted  in  the  yz-plane 
for  both  and  f.  .  Figiire  62  presents  such  a  plot,  for  an  inclination 
of  80°,  with  the  transmitter  and  receiver  separated  by  434  miles  and  with 
both  located  35*^  off  the  equator.  To  attain  symmetry  and  simplify  the 
construction  of  such  charts,  z^  was  assumed  to  be  zero,  which  is  a 
reasonable  approximation  for  this  approach  to  the  problem.  If  similar 
charts  are  prepared  for  a  number  of  inclinations,  satisfactory  initial 
approximations  may  be  rather  quickly  and  easily  obtained  by  the  following 
operations ; 
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1.  Aaaxane  an  inclination.  This,  of  course,  is  equivalent  to  selecting 
a  chart.  Accuracy  is  not  esBentlal  at  this  stage  since  the 
estimate  may  he  in  error  hy  15°  or  more  without  preventing  conver¬ 
gence  . 

2.  Enter  the  chart  with  the  observed  values  of  f.  and  f.  to  determine 

lo  to 

an  appropriate  position  within  the  yz-plane. 

3.  Approximate  the  velocity  components.  These  should  be  consistent 

/ 

with  the  assumption  of  circular  motion^  the  height  determined  in 
step  2,  and  the  assumed  Inclination. 

4.  Determine  the  position  and  velocity  components  in  the  coordinate 
system  for  the  primary  solution  by  an  appropriate  coordinate 
transformation. 

In  addition  to  the  graphical  method,  a  digital  solution  has  been  devised 
for  eqs.  (37)  and  (58)*  As  In  the  previous  development,  we  have  two  measure¬ 
ments  available  and  desire  to  determine  three  unknowns.  In  this  approach, 
one  unknown  is  determined  by  establishing  an  upper  bound  and  assuming  a  value 
which  Is  a  fixed  distance  from  this  bound.  The  distance  has  been  selected 
to  place  the  variable  between  Its  upper  and  lower  bounds  In  a  position  which 
Is  favorable  for  convergence  of  the  primary  computation.  In  this  method, 
we  chose  to  start  by  approximating  z^.  It  may  be  observed  In  Fig.  62  that, 

for  larger  valxies  of  f .  ,  the  maximum  value  of  z^  occurs  above  either  the 

lo'  0  ^ 

transmitter  or  receiver  while,  for  smaller  values  of  f^^^,  the  maximum  value 
of  z^  occurs  over  the  mid- point  of  the  base  line.  The  first  step  In  the 
computation  Is  to  determine  a  maximum  value  for  z^.  To  this  end,  y^  is 
eliminated  frm  eqs.  (57)  and  {58)  to  yield  an  expression  which  varies  only 
in  y^  and  z^.  A  appears  In  this  expression,  but  It  Is  also  a  function  of 
these  variables.  The  resulting  equation  may  be  solved  by  numerical  methods 
for  z  with  y  =0  and  then,  solved  a  second  time  for  z  with  y  =  (l/2)y,. 
The  larger  of  these  results  is  to  be  used  as  a  value  for  (z  which  is 

O  M 

defined  to  be  the  maximum  possible  value  of  z^.  Assuming  the  altitudes  of 
all  satellites  to  be  in  excess  of  75  miles,  we  may  conclude,  from  the  general 
characteristics  of  the  family  of  curves  for  f^^  In  Fig.  62,  that  the 
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DOPLOC  FREQUENCY  AND  RATE  OF  CHANGE 
OF  FREQUENCY  AS  A  FUNCTION  OF 
POSITION  IN  THE  YZ  -  PLANE 
(FOR  80*  INCLINATION) 

Figure  62 

196 


satellite's  altitude  will  differ  from  (z  )„  by  no  more  than  100  miles. 

Since  an  error  of  ^0  miles  may  be  tolerated  In  the  approximation  for 

each  coordlMte,  suitable  value  for  z^.  With  the 

altitude  thus  determined,  we  may  solve  eqs.  (57)  and  (58)  for  y^  and 

y^.  In  the  process,  A  and  hence  the  velocity,  will  be  determined. 

With  z^  assumed  as  zero,  may  be  readily  evaluated  to  complete  the 

initial  approximations  which  consist  of  the  position  (0,  y^,  z^)  and  the 

velocity  (x^,  y^,  0).  It  is  worth  noting  that  there  are  a  pair  of 

solutions  for  y  and  y  .  Further,  the  method  does  not  determine  the  sign 
0  0 

of  x^.  If,  In  addition,  we  accept  the  possibility  of  negative  altitudes 
for  the  mathematical  model  at  least,  we  arrive  at  eight  possible  seta  of 
Initial  conditions  which  are  approximately  symmetrical  with  respect  to 
the  base  line  and  Its  vertical  bisector.  It  is  an  Interesting  fact  that 
all  eight,  when  used  as  input  for  the  primary  computation,  lead  to 
convergent  solutions  which  exhibit  the  same  type  of  symmetry  as  the 
approximations  themselves. i  Of  course,  it  Is  trivial  to  eliminate  the 
four  false  solutions  which  place  the  orbit  underground.  Further,  two 
additional  solutions  may  be  eliminated  by  noting  that  the  order  In  which 
the  satellite  passes  throvigh  the  three  antenna  beams  determines  the  sign 
of  x^.  In  the  two  remaining  possibilities,  Is  observed  to  have 
opposite  signs.  Since  the  y-axls  of  the  DOFLOC  system  has  been  oriented 
from  west  to  east,  the  final  ambiguity  may  be  resolved  by  assuming  an 
eastward  component  of  velocity  for  the  satellite  -  certainly  a  valid 
assumption  to  date.  In  any  event,  all  ambiguity  may  be  removed  from 
the  solution  by  the  addition  of  one  other  receiver.  Moreover,  this 
would  significantly  Improve  the  geometry  of  the  system  and  thereby  strengthen 
the  solution. 

These  two  methods,  for  obtaining  Initial  approximations,  have  been 
developed  for  a  system  which  provides  observations  of  the  type  displayed 
In  FiQ.SSCb),  If  (very)  minor  modifications  are  made  in  the  procedures,  both 
methods  may  readily  be  applied  to  data  of  the  type  presented  in  Fig.  58(cJ). 
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Indeed^  with  any  tracking  system  that  provides  observations  of  satellite 
velocity  components,  eg..  (48)  furnishes  an  adequate  base  for  establishing 
an  approxiin8,te  orbit  to  serve  as  an  initial  solution  which  may  be  refined 
by  more  sophisticated  methods, 

E.  Multiple- Pass  Solution 

Single-pass  orbit  determination  is  unquestionably  a  primary  requirement 
for  any  satellite  detection  system.  Of  no  less  importance  is  the  capability 
of  the  system  to  generate  sufficient  accuracy  in  the  computed  orbit  to 
permit  positive  identification  and  predictions  which  are  adequate  for  later 
acquisition.  Improved  accuracy  is  most  readily  obtained  by  increasing  the 
number  of  observations  and  lengthening  the  time  interval  over  which  data  are 
collected.  Both  of  these  objectives  may  be  realized  by  simultaneously  using 
data  from  several  passes  In  an  orbital  determination.  Further  improvement 
will  result  if  the  system  may  he  expanded  to  include  additional  receivers » 
The  single-pass  solution  has  already  been  progrananed  to  accommodate  several 
receivers;  but  it  is  inadequate  for  a  solution  with  input  data  from  more 
than  one  pass.  Therefore,  a  separate  solution  for  dealing  specifically 
with  this  phase  of  the  problem  has  been  under  development  for  sometime . 

The  derivation  of  the  computing  procedure  is  essentially  complete;  and  in 
fact,  a  few  encouraging  results  have  already  been  obtained.  However,  the 
method  still  requires  the  introduction  of  a  few  minor  refinements  as  well 
as  extensive  testing  to  verify  its  compatibility  with  a  wide  range  of 
input  data. 

The  multiple-pass  solution  was  designed  to  allow  a  major  portion  of  the 
computing  procedure  for  the  single-pass  method  to  be  used  in  the  actual 
computation.  It  is  assumed  that  the  satellite  moves  in  an  unperturbed,  or 
Keplerlan,  orbit  for  those  short  intervals  of  time  that  it  is  -under  obser¬ 
vation  by  the  DOPLOC  System.  Otherwise,  the  satellite  is  considered  to 
move  in  a  perturbed  orbit.  Tiie  latter  is  deteiTalned  by  thirteen  parameters 
from  which  six  time-varying  Keplerlan  orbital  parameters  may  be  readily 
derived.  For  a  given  period  of  observation,  the  Kepleriein  parameters  are 
determined  for  t^,  a  fixed  time  within  the  tracking  interval.  These 
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parameters  are  then  assumed  to  determine  the  orbit  for  the  few  minutes 
that  the  satellite  remains  within  the  volume  coverage  of  the  DOPLOC  System. 
Thus,  If  data  are  available  for  Q  revolutions,  Q  sets  of  Keplerlan  orbital 
parameters,  each  constant  within  a  given  Interval  of  observation,  will  be 
expressed  In  terms  of  the  thirteen  unknowns.  Ihe  latter  may  then  be 
adjusted  by  a  series  of  differential  corrections  to  obtain  a  least-squares 
fit  to  all  observations  for  two  or  more  revolutions.  No  attempt  has  been 
made  to  determine  particular  perturbing  elements  such  as  drag.  Rather,  It 
has  been  assumed  that  an  empirical  determination  of  the  thirteen  unknowns 
will  adequately  reflect  the  total  effect  of  a3J.  perturbations  upon  the  orbit. 
To  conserve  computing  time.  It  Is  considered  desirable  to  use  Input  that 
consists  of  the  Integrated  Doppler  frequencies  over  time  Intervals  of  several 
seconds  as  recommended  for  the  single-pass  solution. 


Let  the  subscripts  1  and  J  be  defined  as  before.  A  third  subscript, 
q,  will  be  introduced  to  specify  the  satellite  revolution  number.  The 
perturbed  orbital  parameters  are  expressed  In  terms  of  where  h  ranges 
from  one  through  thirteen.  For  theqth  revolution,  we  define  the  unperturbed 
parameters  as  follows: 


1-  =  a 


1  ^ 
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(63) 


where 


q  =  the  minimum  value  of  q  , 


oq 


the  time  for  which  the  imperturbed  parameters  are  computed  for 
the  qth  revolution. 


^  7.-7, 


<lo  " 


i  the  angular  distance  along  the  orbit  from  the  equator  to  the 
satellite  at  time  t 

oq 
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From  eq.  (62),  we  conclude  that 


Og  t  2a  (l-lo-tAr  )  +  30^0 


The  set  of  unperturbed  paraimeters  for  qth  revolution  Is  completed  with  the 
computation  of  o  from  the  equations 


=  2tan 


1  +  e. 


i  ■ 


o  =  E  -  sin  E  •  (66) 

<3.  Q.  Q.  .  Q. 

7  may  be  evaluated  with  sufficient  accuracy  fron  tl;e  single-pass  solution 

fca*  position  at  the  time,  t_.  l,fl,a),e,a^  and  a  constitute  a  set 

oq  q  q'  q'  q'  q  q 

of  unperturbed  parameters  for  each  revolution  q  for  which  tracking  observa¬ 
tions  are  available.  Further,  they  are  functionally  related  to  Hence, 
the  observed  data  may  be  expressed  as  a  function  of  the  set  of  parameters 

V 

As  In  the  single-pass  method,  the  solution  is  obtained  by  using  least- 
squares  methods  to  compute  a  series  of  differential  corrections  to  initial 
approximations  for  the  set  of  parameters,  For  each  value  of  q,  eqs. 

(32)  through  (40)  may  be  used  as  before  to  compute  the  residuals, 

The  least-squares  solution  Is  obtained  from  the  matrix  equation 

ax  =  (J*J)"^  AV  ,  (6?) 

where  AV  and  ax  are  column  matrices  whose  elements  are  respectively  the 
residuals  and  the  differential  corrections  for  the  set  of  unknowns  Q^. 

J  is  a  Jacobian  defined  as  follows: 


where 


~l“l’  ^2* 
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The  definition  for  g . ,  is  similar  to  that  for  g. ,  of  the  single-pass 

ijq  IJ 

solution.  Let 


where 


^  /hog’ . ^IJq’ . \ 

='(J>l)q’  '(J^l)q'  ’‘jq'  ^Jq’  'jqj 

j  =  (“(JtDq’  ^(J-H)q*  ^(Jtl)q*  ^Jq'  yjq'  ^Jq' 

21-  1  V  =q’  ”q’  V  "q’  ^ 


(69) 

(70) 


cb  ,  ^ 

q.^  q 


(71) 


It  will  he  noted  that  and  have  definitions  which  are  similar  to 
eind  Jg  of  the  single-pass  solution.  Hence,  the  analytical  expressions 
for  the  elements  of  these  matrices  are  identical  to  those  for  and  Jg 
which  have  "been  reported  upon  previously^  The  elements  of  J  have  not 
been  published  but  are  easily  derived,  and  therefore,  will  not  be  presented. 


To  summarize,  initial  appraxlmatlons  for  are  derived  from  the 
single-pass  solutions  for  each  value  of  q.  We  assume  the  perturbed  param¬ 
eters  a  ,  e_,  a^,  and  1  can  be  adequately  expressed  in  terms  of 

*1  1  ^  9.  *1  q. 

Oj^  by  eq.  (59)  through  (63).  Further,  it  is  assumed  that  they  remain 
constant  during  each  short  period  of  observation,  but  otherwise  vary  in 
accordance  with  this  same  set  of  equations.  Hence,  we  have  sets  of  Keplerlan 
parameters  for  each  period  of  observation,  They  are  used  to  compute  the 
elements  of  the  AV  matrix  for  the  least-squares  solution  to  determine 
appropriate  differential,  corrections  for  the  estimated  values  of  The 
process  is  iterated  until  convergence  is  achieved.  The  resulting  set  of 
provide  perturbed  orbital  parameters  as  a  function  of  time  and 
revolution  number.  The  results  may  also  be  used  to  predict  the  time  and 
position  of  future  passes  of  the  satellite  as  an  aid  in  later  acquisition. 
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F .  Computational  Results 


Numerous  convergent  solutions  have  been  obtained  with  both  simulated 
and  actual  field  data  serving  as  computer  input.  Since  the  latter  are  of 
major  interest^  the  discussion  will  be  restricted  to  results  obtained  from 
real  data.  The  present  results  were  obtained  from  observations  which  were 
recorded  during  a  period  when  the  WSm  receiver  was  inoperable  and,  there¬ 
fore,  are  derived  from  data  recorded  by  a  single  receiver.  Included  with 
the  DOPLOC  results  are  orbital  parameters  which  were  determined  and  pub¬ 
lished  by  the  National  Space  Surveillance  Control  Center  (Space  Track).  As 
an  aid  in  comparing  the  two  sets  of  determinations,  the  Space  Track  paramr^ 
eters  have  been  converted  to  the  epoch  times  of  the  DOPLOC  reductions. 

The  initial  successful  reduction  for  the  Fort  Sill,  Forrest  City  system 
was  achieved  for  Revolution  9937  of  Sputnik  III.  The  DOPLOC  observations, 
as  well  as  the  results,  are  presented  in  Fig.  65.  ^feasurements  were 
recorded  for  28  seconds  in  the  south  antenna  beam,  7  seconds  In  the  center 
beam,  and  12  seconds  in  the  north  beam  with  two  gaps  in  the  data  of  75 
seconds  each.  Thus,  observations  were  recorded  for  a  total  of  47  seconds 
within  a  time  interval  of  5  minutes  and  I7  seconds.  Using  the  graphical 
method  described  in  the  previous  section  to  obtain  initial  approximations, 
convergence  was  achieved  in  three  iterations,  on  the  first  pass  through  the 
computing  machine.  In  comparing  the  DOPLOC  and  Space  Track  solutions.  It 
will  be  noted  that  there  is  reasonably  good  agreement  in  the  values  for  a, 
e,  i,  and  D,  particularly  for  the  latter  two.  This  is  characteristic,  of 
the  single-pass  solution  when  the  eccentricity  is  small  and  the  computa¬ 
tional  input  is  limited  to  Doppler  frequency.  Since  the  orbit  is  almost 
circular,  a  and  co  are  less  significant  than  the  other  parameters  and  like¬ 
wise,  are  more  difficult  for  either  system  to  determine  accurately.  How  - 
ever,  as  a  result  of  the  small  eccentricity,  the-  sum  of  a>  and  a  is  a  rather 
good  approximation  to  the  angular  distance  along  the  orbit  from  the  nodal 
point  to  the  position  of  the  satellite,  at  epoch  time  and  as  such,  provides 
a  basis  of  comparison  between  the  two  systems.  In  the  DOPLOC  solution, 

(cn  +  a)  =  52.66°  while  the  Space  Track  determination  yields  a  value  of  35 ■73°, 
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Figure  63 


a  dlffercuce  of  5-07°  between  the  two  sets  of  results.  To  summarlae,  when 
limited  to  single-pass,  single-receiver  observations,  the  DOPLOC  system 
provides  an  excellent  determination  of  the  orientation  of  the  orbital  plane, 
a  good  determination  of  the  shape  of  the  orbit,  and  a  fair-to-poor  determi¬ 
nation  of  the  orientation  of  the  ellipse  within  the  orbital  plane. 

Occasionally,  excellent  results  have  been  obtained  for  both  o  and  oj; 
but  in  general,  the  interim  DOPLOC  system  with  its  present  limitations  falls 
to  provide  consistently  good  single-pass  evaluations  of  these  two  qviantlties. 
Therefore,  in  presenting  the  remaining  single -pass  DOPLOC  reductions,  o  and  cd 
have  been  eliminated  from  further  consideration.  Results  have  been  indicated 
in  Table  I  for  six  revolutions  of  Discoverer  XI,  including  number  172  which 
was  the  last  known  revolution  of  this  satellite.  As  a  matter  of  interest, 
the  position  determined  by  the  interim  DOPLOC  system  for  this  pass  indicated 
an  altitude  of  82  miles  as  the  satellite  crossed  the  base  line  55  miles  west 
of  Forrest  City.  To  provide  a  basis  for  evaluation  of  the  DOPLOC  results, 
orbital  parameters,  obtained  by  converting  Space  Track  determinations  to  tte 
appropriate  epoch  times,  have  been  Included  in  the  table.  Table  I  also 
contains  a  listing  of  the  amount  of  data  available  for  each  reduction  in 
addition  to  the  total  time  interval  within  which  the  observations  were 
collected.  The  observations  recorded  for  the  Fort  Sill,  Forrest  City  complex 
are  plotted  in  Fig.  64  for  the  six  revolutions  of  Discoverer  XI  which  are 
auramarized  in  Table  I.  In  Fig.  65,  results  are  tabulated  for  a  reduction 
based  on  only  seven  frequency  observations  from  a  single  pass  over  the 
interim  DOPLOC  system.  These  have  been  extracted  from  the  complete  set  of 
observations  previously  presented  for  Sputnik  III.  They  were  selected  to 
serve  as  a  crude  example  of  the  type  of  reduction  required  for  the  proposed 
DOPLOC  scanning-beam  system.  The  example  shows  that  the  method  is  quite 
feasible  for  use  with  periodic,  discrete  measurements  of  frequency.  Of 
course,  the  proposed  system  would  normally  yield  several  more  observations 
than  were  available  in  the  example. 

There  has  not  been  sufficient  time  thus  far  to  completely  evaluate  the 
computing  methods  for  the  multiple-pass  solution.  However,  one  set  of 
results  has  been  obtained  for  observations  from  revolutions  124,  l40  and 
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TABLE  I 


Ccanparison  of  Single-pass  BOPLOC  and  Ssa.ce  Track  Kesults  for  Discoverer  XI 


Revolution 

a 

e 

■Number 

(miles ) 

DOPLOC 

50 

4186 

0.0295 

Space  Track 

4189 

0.0291 

Difference 

-  5 

0.0004 

DOPLOC 

124 

4115 

0.0198 

Space  Track 

4135 

0.0205 

Difference 

< 

-  20 

-0.0005 

DOPLOC 

l4o 

4138 

0.0198 

Space  Track 

' 

4121 

0.0178 

Difference 

17 

0.0020 

DOiPLOC 

156 

4i45 

0.0500 

Space  Track 

4l08 

0.0148 

Difference 

55 

0.0152 

DOPLOC 

165 

4037 

0.0111 

Space  Track 

4099 

0.0128 

Difference 

-  62 

-0.0017 

DOPLOC 

172 

4093 

0.0189 

Space  Track 

0.0111 

Difference 

2 

0.0078 

i 

(degrees) 

n 

(degrees) 

Total  Amount 
of  Data 
(seconds) 

Interval  of 
Observation 
(secoaods) 

80.15 

80.01 

215.92 

215.84 

35 

123 

o.i4 

0.08 

80.31 

80.10 

207.50 

207.27 

44 

138 

0.21 

0.25 

80.44 

80.10 

205.22 

205.78 

55 

l4l 

0.54 

-  0.56 

80.79 

80.10 

204.50 

204.30 

25 

117 

0.69 

0.20 

79.99 

80.10 

203.63 

203.50 

49 

165 

-0.11 

0.15 

80.44 

80.10 

203.18 

202.84 

55 

90 

0.54 

0.54 

156  of  Discover  XI.  These  are  presented  in  Table  II  where,  as  before,  a 
comparison  is  made  with  Space  Track  results  for  the  same  revolutions. 
Overall  agreement  is  excellent,  and  in  general,  the  differences  between  the 
two  determinations  are  of  the  same  magnitude  as  the  error  to  be  expected 
in  either  set  of  parameters.  Disagreement  is  excessive  only  in  o,  the  mean 
anomaly  at  epoch.  For  this  particular  parameter,  the  major  portion  of  the 
error  must  be  in  the  Space  Track  results,  for  the  DOPLOC  reduction  is 
designed  to  force  the  satellite's  calculated  position  to  lie  in  the  narrow 
east- west  vertical  beam  of  the  tracking  system  at  the  actual  time  of 
observation.  The  resulting  error  in  the  DOPLOC  determination  of  satellite 
passage  is  certainly  less  than  one  second.  Hence,  the  angvilar  error  in 
position  is  relatively  insignificant. 

As  an  indication  of  the  feasibility  of  using  the  multiple-pass 
solution  for  prediction,  the  DOPLOC  res'ults  in  Table  II  were  used  to 
compute  the  times  of  satellite  passage  through  the  mid-point  of  the 
vertical  beam  for  revolutions  I65  and  1T2 .  These  results  were  compared  to 
the  observed  times.  The  predictions  were  found  t,o  be  two  minutes  early 
for  165  and  seven  minutes  early  for  I72.  Since  the  latter  was  the  final 
revolution  for  this  satellite,  these  predictions  covered  a  period  in  which 
drag  was  increasing  rapidly  and  extrapolation  was  rather  hazardous.  These 
results  are  considered  reasonable  for  this  portion  of  the  orbit  and  would 
certainly  have  been  adequate  as  an  aid  In  acquisition. 

G.  Conclusion 

These  methods  of  solution  have  been  shown  to  be  both  practical  and 
usefiil  by  numerous  successful  applications  with  real  as  well  as  simulated 
data.  Although  results  have  been  presented  for  passive  data  only,  the 
computing  procedure  has  been  altered  slightly  and  applied  to  active  data 
with  considerable  success.  Computing  times  are  reasonable  since  convergent 
solutions  have  required  from  20  to  40  minutes  on  the  QRDVAC  with  the  coding 
in  floating  decimal,  whereas  more  modern  machines  would  perform  the  same 
computation  In  a  fraction  of  a  minute.  These  methods  allow  the  determi¬ 
nation  'of  a  relatively  accurate  set  of  orbital  parameters  with  as  little 
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TABIE  rt 


Comparison  of  Space  Track  and  Multiple-pass  DOPLOC  Results  for  Discoverer  XI 


Revolution 

Number 

a 

(miles) 

e 

i 

(degrees) 

0 

(degrees) 

a 

(degrees) 

0) 

(degrees) 

DOPLOC 

Space  Track 

124 

4i45 

4135 

0.0206 

0.0205 

80.57 

80.10 

207.48 

207.27 

20.57 

15.57 

123.54 

125.22 

Difference 

8 

0.0005 

0.27 

0.21 

6.80 

-  1.68 

DOPLOC 

Space  Track 

l40 

4125 

4121 

0.0172 

0.0177 

80.57 

80.10 

206.04 

205.78 

24.52 

13.98 

119.65 

121.53 

Difference 

4 

-0.0005 

0.27 

0.26 

10.54 

-  1.90 

DOPLOC  - 
Space  Track 

156 

4l08 

4l08 

0.0159 

0.0148 

80.57 

80.10 

204.54 

204.50 

28.29 

l4.8l 

115.73 

117.86 

Difference 

0 

-0.0009 

o.?r 

0.24 

13.48 

-  2.13 

as  1.5  to  3  minutes  of  intermittent  observations  from  a  single  receiver 
when  the  signal  source  is  a  ground-based  transmitter.  Vhile  multi-receiver 
systems  provide  numerous  distinct  advantages,  it  has  been  shown  that  it  is 
possible  to  obtain,  routinely,  quite  satisfactory  results  with  observations 
from  a  single  receiver.  However,  it  should  be  noted  that  a  system  with  two 
receivers  will  reduce  error  propagation  in  the  computations  to  approximately 
one  tenth  of  that  to  be  expected  from  a  single  receiver  system. 

Extension  of  the  computational  methods  to  include  multiple-pass 
solutions  results  in  a  well-rounded  and  complete  computing  program  for 
satellite  detection  and  :  identification.  Not  only  are  the  orbital  elements 
much  better  determined,  hut  the  Increased  accuracy  is  sufficient  to  permit 
adequate  prediction  for  future  acquisition. 

It  should  he  emphasized  that  solutions  have  been  obtained  for  actual 
field  data,  and  further  that  such  solutions  were  coB^jletely  independent 
of  other  measuring  systems.  Hesults  from  the  latter  were  used  only  for 
comparison  and  did  not  enter  any  phase  of  the  computations  leading  to  these 
solutions . 

In  conclusion,  the  methods  are  quite  general  and  need  not  be  confined 
to  either  Boppler  measmrements  or  Keplerian  orbits.  It  is  merely  necessary 
to  modify  J^,  and  "to  allow  these  methods  to  he  applied  to 

observations  from  any  satellite  or  ICBM  tracking  system. 
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VIII.  POTENTIAL  OF  DOPLOC  SYSTEM  IN  ANTI- SATELLITE  DEFENSE 

If  it  can  be  assumed  that  within  a  reasonable  period  of  time  the 
population  of  earth  bound  artificial  satellites  will  reach  the  predicted 
number  of  10,000,  It  can  be  assumed  with  equal  certainty  that  aiiy  adequate 
system  of  satellite  detection,  tracking  ajid  orbit  cataloguing  equipment 
will  utilize  the  Doppler  principle  and  at  least  some  bf-the  DOPLOC  tech¬ 
niques.  DOPLOC  was  certainly  the  first  and  probably  is  still  the  only 
system  to  have  demonstrated  Its  ability  to  consistently  compute  orbits 
within  minutes  after  first  detection  by  a  single  station  from  single  pass 
data.  The  performance  capability  of  the  DOPLOC  system  is  equal  to  that 
of  any  other  known  system.  Continuous  wave  bl-statlc  Doppler  Radar  and 
narrow  band  reception  techniques  combine  to  provide  a  uniquely  economical 
utilization  of  the  physically  limited  power  and  receiver  sensitivity.  !Hie 
DOPLOC  system  has  its  greatest  potential  as  a  surveillance  system  for 
cataloguing  and  identifying  satellites.  Its  application  as  an  anti- satellite 
or  ICBM  defense  system  is  limited  In  its  present  form.  Either  as  a  surveil¬ 
lance  system  by  itself,  or  as  a  member  of  a  family  of  sensors,  it  offers 
a  low  cost  dependable  method  of  detecting  and  cataloguing  satellites  over 
an  extremely  large  volume  of  space.  With  modifications  to  the  scan 
config\iration  the  system  may  have  application  to  the  ICBM  and  the  anti- 
satellite  defense  problem.  An  early  warning  feature  would  need  to  be 
incorporated  since  DOPLOC  is  presently  effective  primarily  after  one  pass 
over  the  sensor. 
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